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ABSTRACT 
When the size of the inorganic domains in a polymer composite are reduced 
to nano-scale dimensions, the term nano-composites or organic-inorganic hybrids is 
used to differentiate them from conventional (micro-) composites. Organic-
inorganic hybrids are characterised by a morphology in which the two phases are 
co-continuously dispersed The inclusion of a nano-sized inorganic phase in an 
organic matrix, can be brought about by either the addition of pre-formed nano-
particles or by the "sol-gel" method. The second method is used for the production 
of hybrids (also known as ceramers). 
In this study the nano-composites were obtained by casting solutions of 
epoxy resin and silica precursors both from in-situ generated silica by sol-gel using 
TEOS in appropriate conditions and as pre-formed dispersions of 7nm diameter 
silica particles. For systems obtained from sol-gel, a particulate morphology in the 
inorganic domains in the resulting films obtained unless a coupling agent is used. In 
the light cl this various coupling agents were studied in order to determine their 
effects on the morphology and other properties of the hybrids. In particular, was 
investigated the effect of the end-chain (mercapto- and amine- type coupling 
agents) and middle-chain (isocyanate- type coupling agent) functionalisation of the 
organic matrix (bis-phenol-A type epoxy resin), the chemical nature of the coupling 
agent and the number of alkoxysilane functionalities .. The possibility of controlling 
the morphology of the hybrids by modifying the reaction conditions and the 
characteristics of the organic network by varying the amounts of hardener content 
used (PACM a mono-functional cyc1e-aliphatic di-amine) was tested. The silica 
content of the hybrids was varied and the effects of the increased inorganic content 
examined with respect to the mechanical properties (DMT A, TMA and nano-
hardness), thermal properties (TGA and DSC), morphological structure (TEM and 
SAXS) and chemical characteristics (FTIR and solvent absorption). The nano-
composites made by pre-formed dispersions of silica particles were useful for 
providing a benchmark for a better understanding of the properties of the co-
continuous hybrids. The comparison of the mechanical properties and morphology 
data for the two systems has helped in the understanding of the structure of the 
epoxy-silica hybrids not discernible by the TEM and to quantifY the interactions 
between the organic and inorganic phases of the two systems. In palticular the small 
angle X-Ray scattering has definitively confirmed the existence of fine co-
continuous phases in the hybrids made by the sol-gel method. The knowledge 
obtained has been used to produce schematic models for the structure of the hybrids 
and the mechanism for the solvent absorption properties in these systems. 
Since molybdate ions are known to act as corrosion inhibitors, their addition 
In epoxy-silica systems was studied with the view to enhance the performance of 
epoxy-silica hybrid coatings. Molybdate ions were introduced in the production of 
the hybrids in two different forms (either as molybdic acid or complexed with the 
hardener). Corrosion inhibition was efficiently achieved only when the molybdate 
ions were added to hybrid systems, as verified from the corrosion potential 
measurements. The corrosion protection mechanism of molybdenum was verified 
by the analysis of the oxidation products thanks to the laser absorption mass 
spectroscopy technique. When added to epoxy-silica hybrids, besides their 
corrosion inhibition properties, molybdate ions have shown other unexpected 
propelties which resulted from an enhancement of the inorganic "character" of the 
network. The term inorganic "character" refers to characteristics of the inorganic 
phase such as rigidity and hardness. This feature was attributed to the formation of 
mixed silica-molybdenum oxides, (verified by FTIR spectroscopy). 
Accelerated tests in water were carried out in order to measure the rate of 
diffusion of the inhibitor from the coatings to the surrounding environment and the 
effects of some variables such as the molybdate ions source, the molybdate content, 
the coupling agent, the coating thickness and the salinity of the water. The 
molybdate extraction was measured by plasma atomic absorption spectroscopy. 
Considerable attention was also given to the solvent, (THF and methanol) 
absorption propelties of the hybrids and to correlations with mechanical properties 
and morphologies. 
Keywords: 
Epoxy-silica hybrids, sol-gel, nano-composites, coupling agents, solvent 
absorption, netwotks, corrosion inhibition, molybdates. 
AKNOWLEDGEMENTS 
T wish to express my sincere gratitude to Dr. L. Mascia for having given to me 
the opportunity to work on this project, his support, his good suggestions and for the 
friendship. 
T would like to thank P. lackson, P. lones and T. Wills for the helpful 
discussions had during the meetings and their support during the development of this 
work. 
Many thanks also to International Coatings - Akzo Nobel who kindly funded 
this project. 
T finally wish to thank my friends Bala, Carlo, Luea, Mareo and Roberto for the 
enjoyable time spent together. 
TABLE OF CONTENTS 
Aims and objectives of the study 
1 EPOXY RESINS 
1.1 Properties and applications 
1.2 Hardeners 
1.3 Types of epoxy resins 
2 SOL-GEL PROCESS 
2.1 Brief history 
2.2 Sol-Gel: definitions and general process 
- Precursors 
2.3 Hydrolysis and condensation mechanisms 
- Base-catalysed hydrolysis 
- Acid-catalysed hydrolysis 
- Condensation catalysed in the pH range 3 -12 
- Condensation catalysed at pH <3 
2.4 Factors affecting hydrolytic polycondensation reactions 
- Catalyst 
-pH of solution 
- Water 
1 
2 
4 
8 
11 
11 
13 
15 
15 
16 
16 
16 
17 
17 
18 
19 
-Solvent 
-Alkoxide 
- Steric effect 
2.5 Aggregation and growth of polyalkoxysilanes 
- Gelation 
2.6 Other considerations about the sol-gel transition 
- Ageing and drying of gels 
3 ORGANIC INORGANIC HYBRIDS 
20 
21 
22 
22 
25 
28 
29 
3.1 Introduction 31 
3.2 Simultaneous formation ofthe inorganic and organic networks 33 
3.3 Pbase separation in macromolecular solutions 36 
3.4 Structure property behaviour of hybrid materials 39 
- Variables affecting the structure and properties of hybrids 39 
-An interesting study on nano-clays 46 
4 CORROSION PREVENTION BY MOLYBDENUM COMPOUNDS 
4.1 Introduction 
4.2 Protective capabilities of coatings 
4.3 Mixed control protection 
- Mechanism of corrosion protection by conversion coatings 
4.4 Molybdates in corrosion inhibition 
47 
48 
52 
53 
53 
4.5 The choice of molybdenum 
5 EXPERIMENTAL 
5.1 Materials 
- Organic component 
- Inorganic component 
-Hardener 
- Molybdenum 
5.2 Preparation of hybrids 
- Functionalisation of the epoxy resin solution 
- Hydrolysis and condensation of the silica precursor solution 
- Hybridisation reactions 
- Curing reactions 
- Addition of molybdenum 
5.3 Preparation of samples for corrosion tests and diffusion 
- Corrosion tests 
- Diffusion ofmolybdates 
5.4 Characterisation techniques 
- FTIR (Fourier Transform Infra Red) spectroscopy 
- ICP (Inductively Coupled Plasma) spectroscopy 
- Corrosion potential measures 
- DSC (Differential Scanning Calorimetry) 
- TMA (Thermal Mechanical Analysis) 
59 
60 
60 
63 
64 
65 
66 
66 
69 
69 
70 
71 
71 
71 
72 
73 
73 
73 
73 
74 
74 
- DMA (Dynamic Mechanical Analysis) 
- TGA (Thermo Gravimetric Analysis) 
- Solvent absorption tests 
- TEM (Transmission Electron Microscope) 
- SEM (Scan Electron Microscope) 
- Nano-hardness analysis 
- LMMS (Laser Microprobe Mass Spectroscopy) 
- Visual examinations 
- SAXS (Small Angle X-ray Scattering) 
5.5 Description of systems studied 
6 RESULTS 
74 
75 
75 
75 
75 
76 
76 
76 
77 
78 
6.1 Compatibilisation of epoxy-silica hybrids 80 
- 6.1.1 Functionalisation of the epoxy resins 80 
- 6.1.2 Maturation of silica precursor solution 85 
- 6.1.3 Visual inspection of the hybrid systems before and after curing 85 
- 6.1.4 Ageing of cured hybrids 86 
- 6.1.5 Formation of silica network 87 
- 6.1.6 Effect of hardener content on the organic network 90 
- 6.1. 7 Influence of reaction conditions 95 
- 6.1.8 Effect of GOT MS content and use of DBTDL 102 
- 6.1.9 Effect of the nature and chemistry of the coupling agent 111 
- 6.1.10 Effect of silica content on properties of hybrids 116 
6.2.Effects ofthe addition of molybdate ions 121 
- 6.1.1 Effect of molybdenum sources 121 
- 6.1.1 Probing the inorganic character of the siloxane phase 123 
- 6.1.3 Effects of molybdenum on inorganic character of siloxane phase 134 
6.3 Controlling release of molybdate anions corrosion inhibition tests 139 
- 6.3.1 Introduction 
- 6.3.1 Controlled release of molybdate ions 
- 6.3.3 Corrosion protection 
139 
139 
151 
6.4 Probes for existence of phase co-continuity in epoxy-silica hybrids 165 
- 6.4.1 Dispersion ofpre-formed silica particles 165 
- 6.4.1 Properties of co-continuous phases and particle dispersed systems 173 
6.5 Solvent absorption in epoxy silica hybrids 186 
- 6.5.1 Swelling behaviour of epoxy-silica hybrids in THF 186 
- 6.5.1 Swelling behaviour of epoxy-silica hybrids in methanol 188 
- 6.5.3 Network additional constrains by molybdate ions 190 
- 6.5.4 Effect of sample thickness 192 
- 6.5.5 Effects of solvent penetration on the structure of the hybrids 192 
7 DISCUSSION 
7.1 Network density control of the nano-structured siloxane phase in epoxy 
silica hybrids by selective functionalisation of the precursors 200 
- 7.1.1 Effect of hardener content 200 
- 7.1.1 Effect of GOT MS and DBTDL on the density of the networks 200 
- 7.1.3 Effect of coupling agent on the compatibility of the phases 202 
- 7.1.4 Network density of the organic and inorganic components 203 
7.2 Effects ofthe introdnction of molybdenum and associated control ofthe 
inorganic character of the siIoxane network of epoxy-silica hybrids 205 
- 7.1.1 Effect of source of molybdenum 205 
- 7.2.2 Effect of molybdenum on the siloxane phase 205 
7.3 Controlled release of molybdate anions from epoxy-silica hybrids to 
enhance corrosion protection of metal surfaces coatings 207 
- 7.3.1 Effect of the organic network 207 
- 7.3.1 Effect of the coupling agent 207 
- 7.3.3 Effect of water salinity 208 
7.4 Probing phase co-continuity in epoxy-silica nano-composites 209 
- 7.4.1 Preliminary considerations 209 
- 7.4.1 Dispersion of the silica filler nano-particles in "filled systems" 209 
- 7.4.3 Effect ofpre-formed silica particles on cured epoxy resins 211 
- 7.4.4 Small angle x-ray scattering 212 
- 7.4.5 Comparison of sol-gel hybrids with particle filled nano-composites 213 
- 7.4.6 Models for the structure of epoxy silica hybrids 214 
7.5 Suppression of solvent penetration in epoxy silica hybrids through network 
constraints 
- 7.5.1 Introduction 
- 7.5.1 Considerations based on Bansen solubility parameters 
- 7.5.3 Solvent absorption in epoxy-silica hybrids 
- 7.5.4 Effect of silica content on network constraints 
218 
218 
218 
220 
220 
- 7.5.5 A possible modelfor solvent penetration 
8 CONCLUSIONS AND FURTHER STUDY 
8.1 Conclusions 
8.2 Recommendations for further study 
REFERENCES 
228 
233 
237 
238 
MIXED SILICA-MOLYBDENUM OXIDE ORGANIC-INORGANIC 
HYBRIDS FOR EPOXY COATINGS 
AIMS AND OBJECTIVES OF THE STUDY 
Hybrid materials, that include orgamc and inorganic components intimately 
dispersed, have been widely reported in the past but the in-situ formation of the 
inorganic component is a very recent technique and the concept of incorporating a 
corrosion inhibitor into the system is thoroughly new. 
The primary aims of this project are to provide the basis for the development 
epoxy-silica hybrids for coating employment, exhibiting enhanced wear resistance and 
anti-corrosion characteristics. The ultimate objective is to develop coatings systems 
that allow the corrosion inhibitor to be released slowly on the coated metal substrate 
that has to be protected. 
Environmentally friendly materials have been used as corrosion inhibitors, such 
as molybdenum oxides, and an economically competitive polymer was used as an 
organic matrix, such as epoxy resins. 
The specific obj ectives of this study were: 
1) To achieve the compatibilisation of the organic (epoxy resins)-inorganic 
(silica precursors) components of the hybrid. 
2) To vary the formulation of the nano-composites, in order to achieve high 
mechanical strength and high solvent absorption resistance. 
3) To explore the means of conferring anti-corrosive characteristics to the 
nano-composites employing an environmentally compatible anti-
oxidising agent. 
CHAPTER 1: EPOXY RESINS 
1.1 Properties and Applications 
In the field of the organic chemistry, the term "epoxy" is referred generally 
to molecule's functional groups consisting of oxirane rings: 
o 
, , 
-0-'0-
\. 
, 
\ 
These chemical groups are very reactive. The bond angles GO-C, Q.C-C 
and H-C-H in ethylene oxide, for example, have been calculated by electron 
diffraction and by microwave spectroscopy to be -61°, -59° and -116°. The former 
two values are far below the theoretical bond angles (120°). These strained bond 
angles in the ring cause the three-membered ring to be unstable, giving rise to the 
high reactivity of these functional groups. lIie capability of the oxirane group to 
undergo a large variety of addition and polymerisation reactions has been exploited 
for the production of many different thermoplastic and thermosetting epoxy resins. 
Epoxy resins are compounds containing a minimum of two functional groups 
so that they can be converted into hard and infusible products through the formation 
of networks. In order to convert epoxy resins into hard, infusible thermoset networks 
it is necessary to use crosslinking agents, also referred to as hardeners or curing 
agents. 
They may either initiate the curing reactions through their catalytic activity 
(catalytic hardeners) or may react with the epoxy monomer vIa a 
polyaddition/copolymerization reaction. 
The reactivity of the epoxy functionality, due to the strained ring, makes 
possible the use of a wide variety of curing agents. These can have a considerable 
effect on the properties of the crosslinked products. 
Epoxy resins were first offered commercially in 1946 and are now used in a 
wide variety of industries. What makes epoxies superior to other resins, are their 
mechanical and electrical properties as well as thermal and chemical resistance. 
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These characteristics are responsible for a large range of applications of epoxy 
resins as protective coatings or in structural applications, such as laminates and 
composites, tooling, moulding, casting, adhesives and others. 
In addition to the curing agent in an epoxy resin formulation, other 
substances may be employed to modify the properties of the polymer. Fillers, for 
example, are the most common additives used in epoxy formulations to improve 
mechanical properties, such as modulus and strength. Solvents, diluents, plasticisers 
and accelerators, sometimes are included in the formulation. 
One of the most impottant applications of epoxy resins is for protective 
coatings, although a decorative function may also be required in some products. 
Protective coatings account for nearly 50% of the total consumption of the epoxy 
resins in the USA. These products are wrable and provide outstanding adhesion to 
many substrates (glass, metals, wood). 
They may also have a velY specialised function, such as corrosion prevention 
or anti-fouling properties. Solvent-resistant and corrosion-resistant films can be 
obtained, for example, by curing low molecular weight epoxies with aliphatic 
polyamines. These products are best suited for marine and maintenance coatings 
where corrosion resistance is required. Higher molecular weight, solid epoxy resins 
are used in industrial coatings when maximum resistance to solvents and corrosive 
agents is required, as for example, in appliances, coil primers and in automotive 
body panels. Powder coatings also represent an important segment of the market, 
which continues to increase at a considerable rate. 
The need to develop more specialised coatings for highly aggressive 
envirollluents such as nuclear waste management, oil recovelY pipes, pulp and paper 
mills and others, will provide opportunities to sustain the growth pattern of epoxy 
resins and research in this area. 
The fastest growth over the past decade has been in laminates and composites. 
The rapid expansion of the electronics industry has stimulated the demand for high 
performance thermosetting resins. In this context epoxy reins constitute the 
workhorse encapsulant and underfill agent in the mounting of chip assemblies to 
printed circuit boards. Furthermore, the printed circuit itself is generally an 
epoxy/glass fibre composite. 
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Composites based on advanced epoxy matrices find increasing INage in the 
transportation industry, particularly in very specialised areas such as in military and 
commercial aircraft industry, in aerospace applications, in the marine and automotive 
sectors, that is whenever high strength-to-weight ratio and outstanding resistance to 
extreme service conditions are required. For instance, epoxy-based composites are the 
materials of choice in airframe construction: approximately 60 % of the total external 
surface area, or 19 % of the total weight of the US Navy aircrafts consists of an 
epoxy- carbon fibre composite (1). The presence of epoxy resin, in these restricted 
but highly profitable segments of the market, is growing at a steady rate, and is 
expected to increase further in the near future. 
1.2 Hardeners 
Among the wide variety of hardeners available nowadays, the main types are: 
a) aliphatic amines, b) aromatic amines, c) acids and anhydrides. 
A) The first group includes PACM (para-aminecycloexanemethane), EDA 
(ethylenediamine), diethylene triamine (DETA) and triethylenetetramine (TETA). 
The last, are among the first type of curing agents reported by Greenlee for use with 
epoxy resins (3). The structures of the mentioned curing agents are shown below. 
x=l EDA 
x=2 DETA 
x=3 TETA PACM 
It is argued that the reaction rate of primary and secondary aliphatic amines is 
faster than cycloaliphatic and aromatic poly-amines, particularly at room temperature 
(11). The simplified reaction between amine and epoxy resins is shown below. 
4 
.A, 
R,-NH2 + 2 H2C-' -CH-CH2~R2 ---
When the epoxy and the amine compounds are multi functional, the resulting 
product is a three-dimensional network. 
It is well known that the presence of hydroxyl-containing compounds 
considerably promotes the interactions of epoxy groups with amines and other 
nucleophilic reagents (4,12,13,14). 
The reaction proceeds through a trimolecuIar transition state initially 
suggested by Smith (15,16). 
HOR 
r 
o 
~}9- CH2-CH2-
~':,~~=~-
Hence, the hydroxyl groups generated during cure accelerate the reaction, 
which accounts for the autocatalytic nature of the curing process. Hydroxylic 
accelerators or hydrogen donors capable of catalyzing the amine epoxy reaction in 
decreasing order of efficiency are: -OH (Ar » PhCH2 > RCH2 > H); - C02H; -
SOJH; - CONH2; - S02NH2' 
Ethylenediamines are highly reactive due to their unhindered polyfunctional 
nature (2, 4, 8, 9, 10), aJd give rise to tightly cross-linked networks owing to the 
short distance between the active sites. For this reason, the cured resins exhibit 
exceIlent solvent resistance and mechanical strength, but limited flexibility. The low 
molecular weight of these Inrdeners is responsible for low viscosity, high vapour 
pressures, making these compounds corrosive, irritant to the skin and generally 
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toxicologically dangerous. These products are also hygroscopic and have poor 
miscibility with epoxy resins (9, 10). 
A technique to overcome these limitations, consists In reacting the 
ethylenediamine with carboxylic acids. Condensation of the higher homologues of 
the ethylenediamine series with dimerised or polymerised unsaturated fatty acids, 
leads to the widely used family of curing agents known as polyamides (17 - 19). 
They exhibit different molecular weights, physical form, amine content and 
reactivity, but all have low volatility. By adjusting the system's stoichiometry, the 
final properties of the cured resins may be varied from hard and rigid at below 
stoichiometry to flexible and soft around or above stoichiometry. The disadvantage 
of these curing agents is their reduced reactivity, particularly at room temperature, 
and their tendency to give rise to greasy products because of their exudation to the 
surface. Addition of tertiary amines, phenolic amines or co-curing agents can help 
to reduce the severity of these effects (18). 
B) To the second group, the aromatic polyamines (20, 21), belong a very 
important class of hardeners for epoxy resin. Examples are shown below: 
N~ 
H2N·K.2C··l<~,·,,/CH:!NH:! 
11 1 :~ .1 
DDM -4,4'~ MDP - Mela-phen)!ercdiamine DDS - 4,4'-dianinophenylsulfooe 
These are less basic than aliphatic or cycloaliphatic polyamines and r~act 
slowly with the oxirane ring. Therefore they are used for curing processes at 
elevated temperatures (heat-cured hardeners) and, even in these conditions, require 
long periods to obtain the best results (4, 22, 23). 
However, all resin systems cured in this way provide excellent resistance to a 
wide variety of chemicals, including organic and inorganic acids, coupled with an 
outstanding temperature stability, due to the high values of the glass transition 
temperature. Therefore these hardeners are preferred whenever the materials are 
subjected to severe conditions during their service life. Most of the aromatic amines 
6 
are solids at room temperature and, are transformed to liquid substances by melting or 
by the formation of eutectic mixtures or less frequently, by blending with liquid 
cycloaliphatic polyamines (4, 6, 8-10, 20). In this class of hardeners, MPD provides 
the highest cross-link density and the best solvent resistance (20). The low polarity of 
DDM makes it an excellent curing agent for electrical and electronic applications. In 
fact it imparts to the resin elevated electrical insulation properties, combined with 
high retention of mechanical properties, even under conditions of high humidity (21). 
DDM is still the most widely used of the aromatic amines, but it has been 
recently identified as an animal carcinogen and potential human carcinogen (24) and, 
for many applications is being replaced by other types of curing agents. 
4,4'-DDS has the main advantage of providing the highest temperature 
stability, it has become the standard curing agent for specialised epoxy resins in high 
temperature tooling and high performance military and aerospace laminating 
applications (8, 9, 25, 26). 
3,3'-DDS, despite its reduced heat resistance compared with its 4,4', analogue, 
has been adopted in certain aerospace laminating applications because of its enhanced 
honeycomb peel strength (4, 10). 
C) Another class of curing agents for epoxy resin consists of carboxylic acids 
and their anhydrides. They react at high temperatures and require prolonged periods 
to reach completion, but provide resins with good dimensional stability and insulating 
and optical properties (9, 10, 27-29). The curing mechanism is more complex than 
that of the amines, since a number of competing side reactions may occur, especially 
in the presence of accelerators. 
The uncatalysed reaction mechanism is initiated by the opemng of the 
anhydride ring by a hydroxyl group present on the epoxy backbone, with the 
formation of a half-ester carboxylic acid group. This functionality reacts with an 
epoxy group to form a di-ester alcohol, which can continue the polymerization 
process either by esterification with another anhydride group or by etherification with 
an epoxy ring. The latter reaction is favoured and, indeed, in normal conditions only 
0.85 equivalents of anhydride are required to provide optimum cross-link densities 
and properties. 
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Lewis bases such as tertiary amines and imidazoles are widely used as 
anhydride accelerators (32, 33). The mechanism involves the anhydride ring opening 
with the formation of internal salts (betaines), which initiate the curing process. The 
resulting carboxylate ions react with an epoxy group to form alkoxide ester, which in 
turn react with further anhydride molecules to form carboxylate anion functional 
esters. Iteration of this sequence leads to the formation of a cross-linked polyester 
(34-36). No etherification reactions are involved in this mechanism. Lewis acids such 
as BFramine complexes, are also catalysts for the epoxyanhydride reaction, although 
a fully satisfactory mechanism remains to be proposed. 
The most important dicarboxylic acid anhydrides used as epoxy hardeners are 
cycloaliphatic, with the notable exception of phthalic anhydride (PA). PA is the least 
expensive but has the disadvantage of being difficult to handle due to its tendency to 
sublime; its hydrogenated derivatives hexahydrophthalic anhydride (HHP A) and 
tetrahydrophthalic anhydride (THP A) are u sed extensively for electrical applications 
(4,6,9,10). 
o 
PA THPA 
\\ 
o 
o 
11 
[ •• /. ';\ /..-)~ / 
\, 
b 
IIIIPA 
HHP A, is a low melting point liquid which does not sublime and forms low 
viscosity liquid eutectic mixtures with the epoxy resins. THP A, gives products with 
properties very similar to HHPA, but darker in col or. The methyl derivatives of the 
above compounds also find applications in filament wounding pipe manufacture, 
electrical casting, encapsulation and impregnation. 
1.3 Types of epoxy resins 
This very important class of materials was first discovered by P. Castan (2) in 
Switzerland and, independently, by S. Green1ee (3) in the United States in the early 
1940s. 
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The new materials immediately showed very interesting characteristics and 
soon after their discovery were patented and commercialised. 
The earliest epoxy resins introduced on the market were the reaction products 
of bisphenol A and epichlorohydrin and this is still the major route for the 
manufacture ofthe resins, represented by the fonnula below, available today: 
- A bisphenolA type epoxy resin. 
A very large number of hydroxyl compounds have been reacted with 
epichloridrin to synthesise new epoxy resins but, the most important phenol used 
today remains bisphenol A, originally studied by Castan. The more important 
precursors currently in use are reported below. Particularly interesting are the 
halogenated phenolic compounds that provide improved flame resistance. 
1. Bisphenol-A (BPA) 
2. Bisphenol-F 
3. Bisphenol-S 
4. Resorcinol 
HO''-'l,/" '::~<1 OH 
l! ! 
""'-,,;,::/ 
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5. Methylolated phenol 
6. Novolacs 
7. Brominated and fluorinated phenols 
Br" Br 
)-. CH3 /_( 
no--<? \\>--c-< \---on \ 11"\" 
/\.-.....--...../ CH3 '---:~,. 
Br/ Br 
!':~ ~\ Cl F3 /,:: . .-=-_-:.=\ \\, \ HO--{ j- C----<:-, i>----OH 
I._I I \\ ,'/ .~~ eF3~-' 
Molecules bearing the amInO groups are also reactive towards the 
epichlorohydrin and have been tested as precursors for epoxy resins. In particular, the 
resin produced by one of these compounds, 4,4'diamino-diphenylmethane readily 
shows very interesting properties and has now gained a prominent position in 
industry (4, 9, 10). The exceIIent properties of this resin are ultimately due to its high 
functionality (four epoxy groups per monomer) which produce, upon curing, a very 
tight network, with an extremely high cross-link density. 
The structure of this resin is: 
- Tetraglycidyl-diaminodiphenylmethane (TGDDM) 
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CHAPTER 2: SOL-GEL PROCESS 
2.1 Brief history 
In recent years the so called sol-gel reactions have been extensively studied in 
order to improve or modify the process of producing inorganic glasses. The arrival of 
the sol-gel process, allowed radical changes in the way the materials are prepared and 
in terms of the temperatures employed. The high temperatures (> 1400°C) used for the 
sintering procedure in traditional processing, can be reduced by heating a sol-gel 
product to lower temperatures, such as 900°C. The sol-gel technique has stimulated a 
lot of interest in industry. Because of the possibility to obtain some multicomponent 
systems not obtainable by the conventional melting and sintering processes and for 
the production of silica-glasses of high purity. 
It is in the late 1930's that the sol-gel process was first reported in literature by 
Geffken and Berger [38]. Only several years later, in the late 1969's the independent 
studies of Dislich and Hinz and Levene and Thomas enlightened the chemistry of 
multicomponent coatings [38]. This new technology was exploited commercially, and 
products such as automotive rear-view mirrors (1959) and anti-reflection coatings 
(I 964), both making use of Si02 Ti02 mixed oxides, as well as sun-shielding windows 
ofTi02 (1969), have been introduced into the market. 
2.2 Sol-Gel: definitions and general process 
Revision of the terminology now offers a clear distinction between the nature of 
systems from the original precursor solution. The earlier term colloidal, which referred 
to sols of dense charged oxide particles, and the term polymeric, which referred to 
suspensions of branched macromolecules, were found to be ambiguous, since the 
latter also consist of colloids. Therefore colloidal has been replaced by particulate, 
describing sols with a non-polymeric dispersed phase, formed in aqueous solutions. 
The use of the term Polymeric is now preferred to describe silica sols formed solutions 
not necessarily aqueous from the hydrolysis of metal alkoxides, with a particle size 
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below the colloidal range limit of 1 nm [38,40]. This limitation in size is not always 
applicable, especially in base-catalyzedlhigh water systems, but in this case the 
particles formed are not considered true colloidal [40, 41]. 
Aggregates of particles, particulate sols, under the influence of van der Waals 
forces, percolate in the presence of the liquid medium to form a gel. Base-catalysed 
polymeric systems with excess water, which consist of highly branched clusters that 
act like discrete particles, behave similarly. In contrast to these systems, acid-catalysed 
polymeric sols with low water contents do not form clusters but linear or branched 
polymers; these will the entangle and cross link (with additional branching) at the gel 
point [38, 40]. Although these gels differ from each other because of the different 
types of bonding, they can all appropriately be described as substances of continuous 
solid skeleton enclosing a continuous liquid phase [38]. 
The chemical synthesis of oxides involves the transition of hydrolysable metal 
alkoxides from sol to gel. The general sol-gel reaction scheme is composed of a series 
of hydrolysis steps in conjunction with condensation steps. The hydrolysis reaction 
involves the stepwise replacement of alkoxy ligands with hydroxyl groups: 
--> M(OH)rn.x(OR)x + (m-x)R(OH) 
For network formation it is necessary that following the hydrolysis of the 
alchoxy groups, and their replacement with hydroxy Is, the latter condense with each 
other eliminating water: 
- M -~OH + M -OH--.' - M--O-M - + H20 
Ideally, the formation of M-OH bonds could be expected to be carried to 
completion before any condensation is completed. In practice, the presence of partially 
hydrolysed molecules means that polymerisation reactions between ",MOH and 
ROM", are also possible releasing, this time, in alcohol in stead of water, according to 
the scheme: 
M -OH + M -OR --.. M-- O-M ~ __ + ROH 
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Reaction intermediates formed by concurrent hydrolysis and condensation in the 
reaction mixture, such as dimers (i.e. (ROhM-O-M(OR)3) and trimers, are also liable 
to undergo further reaction. 
A succession of events, such as those described earlier, lead to the formation of a 
polymeric sol which eventually produces an inorganic oxide skeleton through a sol-gel 
transition. Along the skeleton can be found unhydrolysed alkoxyl and uncondensed 
hydroxyl groups. The concentrations of these groups in the gel depend on many 
variables; the water content, the reaction time, the nature of the alkoxide, the solvent, 
the pH and thermal history. These variables are responsible for the resultant structure 
and the final properties of the glass produced. 
Precursors 
Metal alkoxides, the sol-gel process precursors, date back to the middle oflast 
century, when Elbernen first synthesized TEOS (tetraethoxysilane) by reacting silicon 
tetrachloride, SiCI4 , with ethanol. Soon after this. Mende1eyev discovered the ability 
of SiCI4 to form silicic acid, which subsequently was capable of condensation 
yielding to high polysiloxanes [38]. 
The silicon alkoxides, are the reagents of choice used in this process. There is 
a vast number of silicon alkoxides (alkoxysilanes) commercially available, but the 
most frequently used are TMOS (tetrametllOxysilane) and TEOS. The latter, often 
the main source material for single silicon oxide systems, is a colorless liquid with a 
density of about 0.9 g/cm3 and is extremely pure when distilled [42]. 
The starting sol-gel mixtures of TEOS typically consist of the alkoxide, water 
and a miscibilising solvent. 
The latter is commonly an alcohol, often ethanol. To control the relative and 
absolute rates of hydrolysis and condcnsation reactions, a catalyst is also used. This 
is either an acid or a base. The reaction temperatures employed, range from sub-
zero to approximately 90°C [38]. 
In addition to tetralkoxysilanes, other categories of sol-gel precursors include 
arganfunctional alkoxysilanes. Alkyl-substituted alkoxysilanes or organoalkoxy-
si/anes [38], such as DMES (dimethylethoxysilane), mainly are useful in modifYing 
the polymer network because of the presence of the non-hydrolysable groups. They 
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are also used when the introduction of orgamc matter within the network IS 
required. 
Also knOWII as coupling agents, these silanes were originally introduced as 
connectors between organic resin matrices and mineral reinforcement (fibres and 
particulates), in an effort to improve bond strength and chemical resistance [43). 
The polymer-substrate bond is achieved on one side via the alkoxy component, 
which attaches the molecule to the mineral surface through condensation with 
pendant silanols and, on the other side, through interactions of the organofunctional 
group with the polymer. The occurrence of copolymerisation reactions at the 
interphase leads to the formation of interpenetrating networks (IPNs) [43,44]. 
To enable the coupling agent to exert its function, the nature of the 
organofunctional group is varied according to the chemical nature of the matrix and 
the service conditions. For example, an epoxy functionalised silane can be used in 
combination with epoxy resins, while a methacrylate silane is suitable for use with an 
unsaturated polyester resin [45). Versatile coupling agents, such as aminosilanes, on 
the other hand, can be used with several polymers including epoxy resins. 
The loss of mechanical properties observed in bonded systems, occurring as a 
result of the hydrolysis of alkoxysilane bonds at the polymer-substrate interface, has 
prompted research into methods of improving the so-called wet performance of 
interphase systems. For instance, water absorption [47] induced by the hydrophilicity 
of the organofunctionality, may be reduced by the use of coupling agents having more 
hydrophobic character. 
Example ofthese are vinyitrimethoxysilane and y-chloropropyitrimethoxysilane. 
Blends of highly hydrophilic coupling agents (y-aminopropyl-trimethoxysilane, for 
example), with hydrophobic ones have also been effective. On the other hand, the 
thermal stability of the interphase region can be enhanced by preferential use of 
aromatic (rather than aliphatic) coupling agents, for example the 
vinylaminobenzylsilane. Like hydrolytic resistance, thermal stability is also improved 
by blending stable aromatic compounds, such as phenyltrimethoxysilane [45], show 
this tendency. 
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2.3 Hydrolysis and condensation mechanism 
Alkoxysilanes undergo hydrolysis and condensation reactions in the presence of 
water; ultimately leading to the formation of silanes. 
However hydrolysis and condensation reactions are neither sequential nor they 
will always go to completion. According to Bechtold et al. [51], the reactions for the 
hydrolysis and condensation ofTEOS can be represented as follows: 
nSi(OEt)4 + 0.5n(4-a+b)HOH- nSi(OEt)aC0H)bOO.5(4-a-b) +n(4-a)EtOH 
-Bechtold representation/or the hydrolysis and condensation a/TEOS 
An alternative representation emphasises the existence of intermediate siloxane 
compounds and redistribution equilibriums, where reaction by-products are consumed 
to produce a variety of species. This was proposed by Y oldas [52]. The suggested 
form of these species was SinO[2n_O.S(x+y)pHx(OR)y, where n is the degree of 
polymerisation and, x and y are the respective numbers of terminal groups. 
The hydrolysis reaction mechanisms presented here for tetraethoxysilane were 
suggested by Aelion et al. [53] as a modification to an earlier proposal by Swain et al. 
The mechanisms were later elaborated by Keefer [54], as shown below: 
Base-catalysed hydrolysis 
The process involves nucleophilic substitution. The attacking group on the silicon is 
the hydroxide nucleophile, which is on the opposite side of the alkoxide leaving group. 
The transient five -co-ordinated intermediate formed, is soon converted into a 
monosubstituted silicic acid, whose original molecule has undergone inversion in the 
process. The ethoxide ion is expected to react fast with water to produce a new free 
hydroxyl: 
'OH + 
Rd;~ 
RO 
8;-OR 
/ ---
! Rq,ORl' 
\ ~, , 
:HO·---Si-···OR I 
! i I l OR j ---
+ 'OR 
- Mechanism of base -catalysed hydrolysis by nucleophilic substitution; R = H, Et or Si (OR) 3 [54]. 
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Acid-catalysed hydrolysis 
This takes place as an electrophilic reaction. The hydronium ion approaches the 
tetraethoxide molecule to form an activated complex. 
R~ &0 H ,OR OR .~ R ,,' • ---, ! + IDR ,,0, HO-si HP+ + Si-OR 
-
I\O; ...• Si···p"R_ ( 'Qt--S! + H3O+ / I,. " ~ l' .I ' ., 
RO RO H oflR O~R 
-Mechanism a/acid-catalysed hydrolysis by electrophilic reaction [54]. 
Condensation catalysed in the pH range 3 - 12 
Proposed by Iler [55], condensation in the pH range 3-12 is a nucleophilic 
substitution reaction, where a protonated silanol is attacked by a deprotonated silanol 
(the nucleophile), to form a ,;Si-O-Si,; linkage, displacing a hydroxyl in the process. 
R~~ 
Sf--O- + 
/ 
RO RO 
R~lR OR l-
Si-(}---S;'''OH! --. 
, " I ! ~!
OR RO OR ! 
-Mechanism o/condensation by nucleophilic substitution, [54}. 
Condensation catalysed at pH <3 
'OH 
In very acidic environments, the mechanism of condensation changes from 
nucleophilic to eiectrophilic, where the least acidic unit available (i.e., Si(OH)4), is 
protonated to become the electrophile [54 - 56]. 
RC R00,~ .~_ Si-~(H 
RC' 'H 
R~~, /9R 
---~,- Si--0-5i, + 
/ ~ .. ~~ 
RC ORCR 
'CH 3 
OR 
Mechanism of condensation by electrophilic substitution, [54]. 
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2.4 Factors affecting the hydrolytic polycondensation reactions 
Catalyst 
The nature of the catalyst determines the relative rates of hydrolysis and 
condensation reactions. As is known [57], acid catalysts promote a fast hydrolysis, 
resulting in a rapid TEOS conversion, in contrast to the nucleophilic catalysis, 
which decreases the rate of hydrolysis and increases the rate of condensation. This 
results in less hydrolysed products. 
Hence the degree of conversion of alkoxysilanes, leading to the formation of 
Si-O-Si bonds, increases faster in basic than in acid environments. 
Aelion et al. [53] concluded that the rate and extent of TEOS hydrolysis are 
greatly influenced by the dissociation constant and concentration of the acid or base 
catalyst. The condensation rate in the presence of HCl is proportional to the 
concentration of the acid. On the contrary, they found very low rates of reaction with 
weak acids. The same conclusions were also reached by Cihlar [58], who investigated 
strong acids such as HCl, H2S04 , HN03 toluenesulphonic acid, and weak acids such 
as formic and acetic. The weak acids were found not to be as efficient catalysts as the 
strong ones, but they did produce reasonable extents of hydrolysis in presence of 12,5 
vo!. % water. 
Regarding the hydrolysis under basic conditions with NaOH catalyst, Aelion et 
a I. have reported a first order kinetics with respect to TEOS in dilute solution, 
although at higher concentrations of monomer the reaction was complicated by the 
formation of insoluble polysilicates. Weaker bases such as NH40H or pyridine were 
only effective as catalysts at higher concentrations. Also, in comparison to acid-
catalysed hydrolysis, their results revealed a more pronounced dependence of the 
base-catalysed hydrolysis on solvent nature. 
L.Matejka et al. [177] have studied the effect of catalysts belonging to three 
different classes of catalysts: acid, neutral and basic, TSA (p-toluensulphonic acid 
monohydrate), DBTDL (dibutyltindilaurate) and BDMA (benzyldimethylamine) on 
the condensation of silanes. The catalysed TEOS polymeric structures were studied 
with SAXS. Basic catalysts lead to typical compact structures, while catalysis by TSA 
and DBTDL (PH neutral) lead to more homogeneous structures and more optically 
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transparent gels, similar to those produced under acid catalysis. This effect is a result 
of a relatively slower hydrolysis and monomer consumption with respect to the 
condensation. The monomer is available for condensation even at a late stage, in 
contrast to the acid catalysis where it is consumed very quickly. 
pH o/solution 
In reactions under basic conditions, successive hydrolysis steps are faster since 
silanols, replacing alkoxy groups on the silicon, are more acidic and makes the 
molecule more prone to attack by hydroxide ions [54, 56]. A slow hydrolysis 
generates silanols, which are immediately used up by fast condensation leaving no 
intermediates in the reaction medium. It is not surprising, therefore, that a large 
proportion ofthe alkoxy groups remain unreacted up to the point of gelation [60]. 
Although the base-catalysed hydrolysis of TEOS is predicted to be a first order 
reaction, this is verified only when the catalyst-to-silica concentration ratio is high. 
This is because the acidic silanol groups, generated during the hydrolysis, tend to 
neutralise the base, thereby reducing the effective rate of reaction [54, 56]. As Keefer 
[56] explains, at high pH, although condensation is fast, the rate of production of SiOz 
is slow. Owing to the high solubility of the intermediate species, there will be low 
level of supersaturation, which produces only a small number of large silica nuclei. 
These nuclei are the preferred sites for further precipitation of reacted species leading 
to the formation of dense clusters. This type of growth process is known as Ostwald 
ripening. 
Acid-catalysed hydrolysis produces weakly crosslinked or linear polymers. This 
is attributed to the high reactivity of species with a low degree of hydrolysis, (due to 
their higher electron density) [54]. When these undergo condensation, a large number 
ofunreacted sites remain in the newly formed network. In contrast to basic hydrolysis, 
acid hydrolysis is a heterogeneous reaction, with hydrolysates being produced at 
different stages of the reaction [62] giving rise to a wide distribution of different 
degrees of condensation [60]. Assink et al. [60] support the general belief that the 
overall kinetics of the acid-catalysed reaction of TMOS is determined by the slow 
condensation step, which is also responsible for the presence in the medium of a wide 
number of intermediates (detected by NMR). 
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It has been argued by Keefer [54] that there are ways of increasing the cross-
linking density of the silicate network structure formed under acidic conditions. One, 
is by reducing the pH to a limit of -2, where hydrolysis is at its maximum rate. The 
effect of speeding up hydrolysis at the expense of condensation would be for more 
silicate to reach a more advanced state of hydrolysis, therefore acquiring a greater 
number of active sites capable of crosslinking. 
In acidic environments, an important issue is the reversibility ofreaction. Under 
mild acidic conditions, and in the presence of excess solvent, re-alkoxylation is 
possible, converting silanols (especially the well-hydrotysed ones [62]) back to the 
alkoxyl [54, 64] irrespective of the degree of condensation. If the pH is not sufficiently 
low, the silanols are neutral and become liable to attack. Re- alkoxylation is, therefore, 
the main reason for the higher amount of residual organic matter in acid-catalysed gels 
than in base-catalysed gels [54]. 
Water 
Theoretical models, such as the one presented by Bechtold et al. [51], clearly 
show that the minimum stoichiometric ratio of water/alkoxide (r) required for 
hydrolysis to go to completion, is 2. According to Y oldas [65], orthosilicic acid, 
having a very large intermolecular separation, and therefore is unable to polymerise, is 
formed at r = 4. In contrast, the silicate network Si(04)I12, completely void of hydroxyl 
groups, is formed through polymerisation at r= 2. 
In practical terms, excess of water (r > 2) is expected to cause an increase in the rate 
of hydrolysis compared to condensation [61]. In acidic conditions, hydrolysis 
predominates [54] and goes to completion, leading to a decrease in the content of 
intermediates [63] and to the development of a more crosslinked polymer [66, 67]. In 
high water/acidic conditions, Sakka et al. obtained spherical and highly crosslinked 
silicate particles, but not surprisingly, under low water conditions, the particles were 
transformed into chain-like aggregates. 
A kinetic justification for these observations is that under low water conditions 
the condensation of hydrolysed monomer (whose product is water), is inhibited by a 
shift of the equilibrium in favour of the reverse reaction, consequently encouraging 
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further hydrolysis [67]. Despite the effect of water on relative rates, both hydrolysis 
and condensation are accelerated by higher water contents [58, 62]. 
The generalised effects of water in basic conditions are not dissimilar to those for 
acidic conditions. However, from observations by Klein et al. [41], it is clear that 
excess of water affects hydrolysis more than condensation, leading to solutions, that 
kinetically resemble more closely acid-catalysed solutions rather than base-catalysed 
solutions with understoichiometric water content. 
The water-to-alcohol concentration ratio plays an important role in acidic 
solutions as it dictates the probability of re-alkoxylation. During drying, the 
component present in higher concentrations inevitably remains in the sol-gel solution. 
Whereas water would continue to hydrolyse unreacted sites, alcohols tend to re-
esterify silanols, hence driving the re-alkoxylation reactions to completion [54]. 
Solvent 
An important factor in sol-gel reactions is the type of solvent used. It affects the 
rates of hydrolysis and condensation and, consequently, also the structural 
development of the silicate. 
Alcohols, depending on the size of the alkoxy group, provide different solvent 
environments for the hydrolysis reactions. Yoldas [52] argues that the smaller the 
alkyl radical of the alcohol is, the higher the rates of both hydrolysis and condensation 
reactions, leading to more complete networks of higher silica contents. The latter is 
seen as a result of the higher degree of freedom available for the reacting species [52, 
65]. The effect of the alcohol molecule's size is diminished at higher monomer 
concentrations, where the diffusion capability is reduced by the relatively higher 
viscosity ofthe system. 
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Other types of solvents have been also used. Atraki et al. [68] have classified the 
solvents for the sol-gel reactions into: (a) polar pro tic, such as H20, methanol and 
formamide. (b) polar aprotic, such as DMF, THF and acetonitrile. (c) non-polar 
aprotic, such as dioxane. According to reports in references [60, 64, 68, 69], the nature 
of the silicate network is determined by the level of affinity that the solvent has with 
the reactants during condensation. This depends on the dielectric constant of the 
solvent. 
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Polar protic solvents inhibit the condensation reactions by deactivating the 
nucleophiles through H-bonding and by raising the activation energy through 
stabilisation of the nucleophile's negative charge. Polar aprotic solvents can also 
decelerate condensation by solvating the reacting species (e.g., "'Si_O-). Non-polar 
aprotic solvents, on the other hand, cannot impede the condensation process because 
they offer no possibilities of either H-bonding or solvation on the negatively charged 
IOns. 
Alcoholic solvents (EtOH, PrOH) form azeotropic mixtures with water. The 
azeotrope, which has a higher vapour pressure than each single component, evaporates 
first and leaves behind either water or alcohol (depending on their initial amount). If 
the alcohol is in excess, silanols re-esterifY and the water produced is readily removed 
as part of the azeotrope, thus driving the reverse alkoxylation reaction to completion. 
Therefore, because the hydrolysis reaction is thermodynamicaily favorable, the 
composition of the sol-gel solution should be such that it ensures that water (and not 
the alcohol), evaporates last [54]. 
The effect of solvent concentration in acid-catalysed hydrolysis is not entirely 
clear. However, in the case of base-catalysed solutions, it is known that by increasing 
the amount of Et OH within specific limits, hydrolysis is favoured, since species stay in 
solution longer and early condensation is prevented [41]. 
Alkoxide 
Shorter distances between reacting species, increases the probability of mutual 
collision and leads to structures of higher oxide content [65]. Therefore the 
concentration of the alkoxide in the sol-gel system is an important factor. 
One of the earliest studies in this field was that of Aelion et al. [53]. They 
determined that the rate of hydrolysis decreases with the increasing of the length of the 
alkyl radical. Whether it is reduced diffusivity [52] or steric impeding that is attributed 
to the longer alkoxyl group, the fact remains that molecular mobility is significantly 
impaired [38]. Studies by Sakka et al. [73], involving -R groups ranging from methyl 
to butyl, onthe other hand have revealed only a very weak effect of the size of these 
groups on hydrolysis. 
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Condensation is also affected by the nature of the alkyl radical, since the 
diffusivity of intennediate species having long unhydrolysed groups attached to them, 
is reduced. 
If one or more of the groups attached to the silicon is non-reactive, the network 
structure is modified. If, indeed, the number ofthese RI groups is equal or greater than 
2 in structures such as R11Si(ORh or RI3SiOR, only linear polymers are fonned [38, 
52]. 
Steric effect 
The effects of steric impedance associated with the chain length of the alkyl 
radical have been discussed in the previous section. Steric effects also account for the 
prevention of re-esterification during a base-catalysed reaction. Assuming that the SN2 
mechanism is predominating, the inversion of the tetrahedron and the necessity for 
back-side attack are the factors that account for the difficulty in the occurrence of the 
reverse reaction [54, 56]. 
The probability of further reactions taking place after condensation of 
incompletely hydrolysed species is greater in the case of acid-catalysed reactions. 
Because of the absence of inversion, the low degree of crosslinking in an acid-
catalysed solution constitutes a smaller obstacle to the continuation of reactions. 
Consequently, under equivalent conditions, where both basic and acidic catalysis 
favour condensation of un hydrolysed species, acidic catalysis is the best effective way 
of allowing hydrolysis to go to completion [54]. 
2.5 Aggregation and growth of polyalkoxisilanes 
In the reports of Keefer [56], the silicates formed under either basic or acid 
conditions, are described as fractal in nature. Fractals are structures resulting from 
random growth processes. They have dilational symmetry and because of this, their 
appearance remains unchanged after magnification. In mass fractals, the volume 
occupied grows faster than the mass that generates it. Surface fractals, on the other 
hand. are highly complex structures with a surface area that increases with mass at a 
faster rate than nonnal (Euclidean) objects. 
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Fractal dimensions, in silicate systems, may be determined by x-ray, neutron or 
light scattering measurements, while the growth of domains can only be simulated by 
computer models. Typically, fractal geometry describes silica structures on the basis 
of the relative rates of hydrolysis and condensation [56]. For base-catalysed reactions, 
using the poisoned Eden model (a reaction-limited monomer-cluster aggregation 
model), structures range from non-fractal (at high water concentrations), to colloidal 
(with fractally rough surfaces), to true fractal (polymeric) (at lower water 
concentrations). In acid-catalysed systems, where the small particles involved tend to 
form branched polymers that grow by polymer-polymer interactions, the resultant 
structures are shown to be true fractal by the RLCA (Reaction Limited Cluster-cluster 
Aggregation) model. 
The idea that silicic acid mono mer can polymerise into siloxane similarly to 
organic polymers, is rejected by Iler. His classical theory of polymerisation of silica 
[55] involves polymerisation ofthe monomer to first form particles, which then grow 
and coalesce with other particles to form weak-lace type of structures. 
At concentrations above the solubility limit of silica (100-200 ppm), Si(OH)4 
polymerises by condensation at rates controlled by either the concentrations of OH- or 
H+ ions in the way discussed previously. The tendency to form ",Si-O-Si", bonds at the 
expense of silanol groups, leads to the formation of cyclic structures and their 
subsequent growth by addition of monomer into large three-dimensional polymers. 
These internal condensation reactions produce compact entities with pendant silanol 
groups for subsequent growth. Particle size at this point is important because it 
determines the radius of curvature of the surface that controls the solubility of the 
particle. Solubility is also determined by the degree of condensation within the 
particles. The largest and most condensed particles, survive and continue to grow by 
the Ostwald ripening mechanism. At pH > 7, where silica dissolution and re-
deposition rates are high, this activity leads to particles of colloidal dimensions. At 
high pH up to 10.5 and moderate solution concentrations, negative charges on 
particles cause mutual repulsion and growth without aggregation. This is in agreement 
with results of Aelion et al. [53]. High temperature has a similar effect, since 
accelerated growth leads to a small number oflarger-sized particles [55, 75]. Charges 
may be reduced by the addition of a coagulant (for example, Na+ ion of a salt such as 
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NaZS04 or NaCI) in which case aggregation can occur. At too high salt concentrations, 
precipitation is observed. At low pH, where the rate of polymerisation (and de-
polymerisation) is slow, particles are very small in size and further growth is 
discouraged. Under these conditions, the tendency to form networks rather than 
oversized particles is more pronounced. This effect is due to the low ionic charge on 
particle surfaces, which allows higher rates of interparticle collisions. Therefore, at a 
'high' concentration of SiOz > I %, aggregation of very small particles is possible. At 
pH levels ranging from 5 to 6, there is a rapid simultaneous formation and aggregation 
of particles, so that the networks formed contain both oligomeric and polymeric 
species [55]. The above processes and the effects of pH are shown below. 
-Polymerisation behaviour a/silica [55J. 
Aggregate particles attach to each other through siloxane bonds. These bonds 
result form the condensation of surface silanol groups and Si-O' ions at the point of 
contact between the particles. The negathe curvature at the point of interparticle contact 
accounts for the very low local solubility. This pushes the process of further bonding 
through fast monomer deposition [55]. The hydrogen bond plays an important role 
because its the link between silanol and siloxane groups of the particle surfaces, directly 
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or through water molecules. H-honding will be present even up to advanced stages of 
aging and desiccation [76]. 
The process of chain and branch fonning is only present in those systems that 
prevent excessive growth by keeping repulsive charges to low levels. At pH 2, the overall 
net charge is zero (due to the occurrence of the isoelectric point of silica), but the 
polymerisation is stilI possible. It is hypothesized by Her [55] that the negative charge on 
Si-O- ions, presumably involved in the initial reactions between surface species, is 
counterbalanced by the positive charge on H+ ions present in the polymerising medium. 
Gelation 
This process is possible where repulsive surface charges are low enough to allow 
aggregation and growth. This condition will exist below a certain pH level. As a result of 
polymerisation into three-dimensional networks, an increasing fraction of the sol 
becomes occupied by microgel regions [55]. These regions in contrast to precipitates, 
have the same refractive index and density as the surrounding sol, which explains the 
transparency ofthe system. 
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Prior to gelation point and under acidic conditions, the precursor of the gel 
consists of linear or randomly branched polymers, while, under basic conditions this is 
made up of individual highly branched clusters. At the gelation point, linear chains 
become entangled while branched clusters infringe on each other [40]. The viscosity at 
this stage increases asymptotically and a transparent gel is formed. 
The gel time depends on the pH of the medium, as shown below. It is possible 
to distinguish clearly three regions defined in terms of pH level, respectively: below 2, 
between 2 and 7 and above 7. 
The region below pH 2, corresponds to a maximum sol stability (i.e. long gel 
time), whereas the minimum, which corresponds to rapid gelation, occurs between pH 
3 and 4. 
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The effect of the catalyst on the rate of gelation of silicon alkoxides follows the 
same trends as the rates of hydrolysis and condensation. Pope et al. [80] say that the 
dissociation constant of acids is not enough to explain their observed behaviour. They 
suggest that the nature of the aeid anion (Cr', F, CH3-COO,) has an important role. 
Taking the example of the acetic acid (HOAc), they suggested that the acetyl groups 
react during the sol-gel reaction to form ethyl acetate. Sakka et al. [67], also observed 
the difference in the gelation behaviour of HOAc from stronger acids. The first 
produces a gradual increase in viscosity, while the others, give an abrupt change in 
viscosity when reaching gelation. 
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The effect of HF catalyst observed at pH <2 has been explained by lIer. The F 
ion, is smaller in size than ·OH (which is active at pH > 2), so can act in its place to 
raise the coordination number of the silicon atom from 4 to 5 or 6. In this way its 
possible to explain how the activated complex necessary for a nucleophilic reaction 
can be formed [80]. Acid catalysis, in the presence of the fluoride ion, accelerates both 
hydrolysis and condensation, hence the observed increase in gelation rate. A side 
effect of this reaction is that the fluoride ion, that can also partially substitute the 
oxygen in the structure of silica, reduces the amount of H-bonded water as well as the 
number of silanols. These reductions keep silica more hydrophobic causing the gel to 
retain lower amounts of water during the expulsion of the liquid phase [81]. 
The increase of water content in alkoxide solutions usually promotes gelation 
[67]. Results by Bechtold et al. [82] shown hyperbolic relationship between gel time 
and H20fTEOS ratio, r, confirming the validity of the previous statement. 
Sakka et al. state [67] that a too high water content tends to produce a counter-
effect of dilution, therefore gelation is impeded rather than promoted. 
The findings of Boonstra et al. [83] provide indirect evidence of the effect of 
small additions of water above the stoichiometric amounts. In their two-step reactions 
with TEOS, a small excess of water added, either at the initial acidic step or at the 
subsequent basic step, produces a H20/EtOH ratio that favors the formation of ·OH 
groups in greater amounts than Eta- terminal groups on the surface of the particles. 
Considering that the ·OH groups increase the growth rate, gelation under these 
conditions is reached faster. 
An increase in the concentration of the alcoholic solvent leads to a decrease in 
the monomer concentration due to dilution. Therefore, the polymerisation rate 
decreases due to a decreased rate of intermolecular collisions, and gelation is delayed 
[38]. 
Polymerisation rate, and therefore gelation rate, falls with increasing alkyl 
group chain length, whether the group belongs to the alkoxide or the alcohol. Behind 
this effect there are steric reasons that follow the same logic as with the rates of 
hydrolysis and condensation. Enhancements III monomer mobility by 
transesterification with a smaller ligand from a lower alcohol can reduce the gel time. 
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2.6 Other considerations about the transition of sol to gel 
Several approaches have been taken to define the gel point. Arbitrary 
parameters such as the point of no fluidity [55, 82], are useful measures of gel time, 
but are not very accurate, and therefore, they cannot give information about 
viscosity changes taking place. This information, on the other hand, can be provided 
by rheological measurements using cone, plate or coaxial cylinder rheometers. 
Several authors have reported that the sol-gel transition of acid-catalysed 
TEOS solutions takes place in three stages [85, 86]. In steady shear experiments, XU 
et al. [85] observed that during the first stage, the sol exhibits Newtonian behaviour, 
so that the viscosity is independent of the shear rate imposed by the measuring 
instrument. Although the monomer is polymerising, the formation of aggregate is 
not dominant and therefore the increase in viscosity is small. During the second 
stage, a steady increase in viscosity is observed due to the formation of linear 
polymers, and at the third stage, a more pronounced increase in viscosity occurs as a 
result of the formatin of3 -D networks [85]. 
Sacks et al [86], using dynamic viscometry measurements, have found that the 
loss modulus (G'), grows at a higher rate than the elastic modulus (G') during the 
initial stage. This happens because the energy dissipation during flow (which 
contributes to d) is more significant than the weak polymer-polymer interactions 
(which contribute to G). As a result, the loss tangent (tan /)), in this stage, also 
increases. In the second stage, the tan /) decreases as G' grows faster than G" due to 
a large scale aggregation of hydrolysed monomer. The sol starts developing an 
elastic character and displays shear thinning in response to applied shear stresses. 
Thixotropic flow, accompanied by pronounced yielding and hysteresis effects, is 
observed at the last stage before the onset of gelation, where the loss tangent 
decreases even further and the extensive network gives rise to large G' and G". 
The definition of gel point in terms of rheological behaviour of solutions is 
essential if the phenomena that bring about the appropriate conditions for 
manufacturing techniques are to be understood. For example, Sakka and co-workers 
[92,93] reported that the sol must have optimum spinnability to enable fibre drawing 
and film casting. However, apart from recognition of the importance of the chemistry 
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of the solution (Iow water acid-catalysed TEOS) and the requiremnt of linear 
polymeric chains, only arbitrary viscosity levels have been stipulated for the optimum 
consistency of the sol. 
Ageing and drying of gels 
The effect of time on structure is known as ageing [65]. Since condensation 
reactions take place the properties of the gel can also change. The solubility of silica 
decreases and, with it, the specific surface by the loss of porosity. The accompanying 
increase in skeletal stiffness causes a marked increase in the modulus of aged gels 
[38]. 
The cause of the changes in gel structure originates from the early stages of its 
formation. Phase separation is possible either in the form of density fluctuations across 
regions of high and low crosslink density, or by creation of monomer-rich and 
monomer-poor areas by having high rates of depolymerisation under conditions of 
high solvent concentration [40]. Indeed, most parameters that control hydrolysis and 
condensation are very important to determine the nature of the resultant gel structure 
[38,40,41,65]. 
In aerogels, the solvent is replaced by air by reducing the interfacial tension. 
This is achieved by equalizing the density of the liquid phase with that of the vapour 
phase, eliminating any capillary pressure and preventing fracture or warping. The 
result is a silica body of up to 95% fine porosity [94], and the product is inserted 
towards insulating glazing material applications. 
Xerogels are sintered aerogels, but they are still porous. The theory of drying 
gels has been studied extensively [95, 96]. 
Conditions that lead to weak networks are constrained to result in high 
structural compaction because under the influence of capillary forces, coming from 
drying, flexible branches deform and collapse to a greater extent. Therefore, a; a 
principle, low pH and low water contents produce dense gels whereas high pH (6 - 10) 
and high water contents produce gels of high porosity. See figure below. 
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o 
- Representation of desiccation of a) acid b) basic - catalysed gels. [40}. 
Since large pores lead to lower surface extension and provide wider paths for 
the evaporation volatiles, these systems develop lower drying stresses and are less 
susceptible to fracture [40, 80, 84]. Acidic systems can be made to behave similarly to 
the basic ones if treated in conditions which promote particle growth [97]. 
The function of substances such as DMF [67, 98] and formamide as drying 
control chemical additives is to regulate the relative rates of hydrolysis and 
condensation, so that larger particles of uniform size are formed. During ageing, a 
tight size distribution of large pores is achieved that facilitate the expUlsion of 
volatiles, keeping capillary stresses at safe level [99]. 
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CHAPTER 3: ORGANIC INORGANIC HYBRIDS 
3.1 Introduction 
During the last 10 years a new technology has been developed for the 
production of heterogeneous nanostructured materials containing organic and 
inorganic components. Such materials are normally knO'IW. as organic-inorganic 
hybrids, ceramers or nano-composites and are characterised by two interpenetrating 
domains having nano-scale dimensions. Organic-inorganic hybrids can be obtained 
by dissolving preformed polymers into a sol-gel precursor solution, consisting of a 
metalalkoxide, a catalyst and, optionally, a coupling agent. The alkoxide 
components are allowed to hydrolyse and undergo condensation reactions to form 
glassy inorganic oxide domains in a polymer solution. Alternatively both the 
organic and the inorganic phases can be formed together through the simultaneous 
polymerisation of an organic monomer (or oligomer) and sol-gel reactions of the 
inorganic oxide precursors. 
Hybrid materials have an immense potential for applications in a variety of 
advanced technologies, both as structural materials and as functional materials. The 
primary property of structural materials include strength, stiffness and toughness, 
while secondary characteristics include protective barrier, thermal oxidative 
stability and solvent absorption resistance. Functional nanocomposites, on the other 
hand, will have high order characteristics, such as tailored reflection characteristics, 
non- linear optical effects [102] optical transparency, electrical and photocatalytic 
characteristics [100, 101], biological compatibility [103, 104] and many other 
desirable attributes such as corrosion resistance. 
The properties of a composite material depend not only upon the 
characteristics of the single components but also upon the composite's phase 
morphology and interfacial properties. One approach to increase the latter property, 
is to blur the ordinarily sharp interfacial zone by synthesising materials, which show 
a high degree of interpenetration between the organic and inorganic phases. The 
degree of phase separation in these materials can vary, but domain size is typically 
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on the nanometer scale. As a result of this intimate mixing, these hybrids are highly 
transparent: a property that renders them valuable outside the boundaries of 
traditional composites. Traditional composites tend to be largely opaque because of 
light scattering by the particles within the continuous matrix. In addition to the 
domain size, the most important factors in determining the transparency of 
composites are the shapes of the domains and the relative difference between the 
refractive indices of the two phases. For discrete spherical particles embedded in a 
matrix, the reduction of light intensity due to scattering is given by the equation 
below [105]. Where "Il is the intensity of transmitting light with no scattering, 1 is 
the intensity when scattering takes place, x is the optical pathlength, Vp is the 
volume fraction of particles, r is the particle radius, A is the wavelength and, I1v and 
nrn are the refractive indices of the particles and the matrix [105]. 
From the above equation is clear that when the refractive index of the matrix 
~ = exp[-3Vp xr3 (np_ -1)~ 
10 4A4 nm U 
is equal to that of the particles becomes 1=10, so there will be no scattering by the 
solution. On the other hand, when ",;to nrn, scattering losses will be minimised only 
when the particle's dimensions are much smaller than the wavelength of light 
(r3 <d,4). 
In order to produce a classification of hybrid systems, Novak [106] divided 
them into five major classes based on their macromolecular structures and phase 
connectivities. 
Type I: Soluble, preformed organic polymers embedded III an inorganic 
network. 
This family of hybrids is the result of the most common route used to form 
organic-inorganic composite materials through the sol-gel process. It involves 
carrying out the inorganic hydrolysis and condensation of the inorganic phase 
precursors in the presence of a preformed organic polymer. 
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Type II: Embedded, preformed organic polymer covalently bonded to the 
inorganic network. 
This class rf composites, as the previous one consists of linear polymers 
dispersed in organic glass matrices but, plus the benefit of planned covalent links 
between the two phases. 
Type HI: Mutually interpenetrating organic-inorganic networks 
This type of hybrid is the result of the efforts to solve some practical 
processing problems of the two previous classes of hybrids. The main feature of 
these hybrids is that their formation involves the in situ formation of the organic 
polymer and the organic matrix. 
Type IV: Mutually interpenetrating organic-inorganic networks with 
covalent bonds between the organic and the inorganic phases. 
This type of hybrids has the same features than the previous one but this time 
the two phases are linked also by covalent bonds. 
Type V: "Non Shrinking" sol-gel composite materials. 
Novak introduced this class of hybrids in order to identify some of the 
hybrids produced by his group that had the idea to solve shrinking problems that 
nsually characterise all the previous types of hybrids. 
3.2 Simultaneous formation of the inorganic and organic networks 
Despite the excellent performance of many hybrid materials, type I and II, 
mentioned previously, the methods of forming composites by the incorporation of 
preformed polymers into sol-gel glasses is limited by essentially two factors. First, 
only a finite number of polymers are soluble in the sol-gel solution. Secondly, the 
shrinkage associated with drying out the solvent, introduces a considerable degree 
of stress within the dried glasses, thereby precluding most moulding applications. 
Efforts to overcome these limitations have focused on methods involving the in-situ 
formation of both the organic polymer and the inorganic matrix. Under the right 
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conditions the polymer can be trapped in the inorganic system, or vice versa, before 
significant phase separation occurs. In this way, transparent organic-inorganic 
composite materials can be prepared which contain organic polymers that would 
normally be insoluble in typical sol-gel solutions. 
The solution to this problem has been approached in many ways. One of 
these consists in modifying one or both of the organic and the inorganic 
components of the composite, in order to render them compatible with each other. 
The modification consists of adding to either the organic or the inorganic 
component, functional groups similar in nature of the other constituent. Such 
modifiers are also known as coupling agents. 
Mascia and Tang [123], for instance, successfully prepared hybrids of epoxy 
resin and silica through functionalisation of the organic polymer with mono and di-
functional secondary amme trialkoxysilanes, such as Y-9669 (n-
phenylaminopropyltrimethoxysilane) and A 1170 (y-trimethoxysilylpropylamine). 
From the research resulted that secondary aliphatic aminosilane are more effective 
than aliphatic/aromatic aminosilane for the compatibilisation of the epoxy resin-
silica hybrids. Furthermore, resulted that the level of compatibilisation achievable 
for epoxy-silica hybrids can be enhanced by increasing the magnitude of the 
following parameters: a) molecular weight of the resin, b) degree of 
functionalisation of the resin, c) polarity of the solvent and d) processmg 
temperature. 
Mascia and Kioul [110, 57], used GOTMS (3-glyicidoxypropyl-
trimethoxysilane) in their work with polyamic acid solutions in NMP 
(normalmcthylpyrrolidonc) and hydrolysed solutions of TEOS. Transparency in 
film cast in solutions with enough amount of GOTMS was found to be a fimction of 
mixing time and temperature. The authors attributed the transition of the films from 
a cloudy to a transparent appearance to compatibilisation of the polymer and the 
developing siloxane by trimethoxyl functionalities grafted to the polyamic acid 
backbone by the coupling agent through the carboxylic acid groups present. These 
functionalities were expected to subsequently take place into the formation of the 
inorganic network. 
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Mark and co-workers [162, 163] have also reported a work where a coupling 
agent was used to increase compatibility in PMDA-ODNSi~ hybrids. 
Aminophenyltrimethoxysilane permitted with the polyamic acid and hydrolysed 
TMOS, to produce small Si02 clusters of good size distribution, possessing physical 
bonds with the surrounding matrix. In a parallel work, the same group premixed the 
coupling agent with the TMOS solution showing the potential for better 
transparency and higher thermal stability in films. It was postulated that the 
improvements in properties seen by the addition of aminophenyltrimethoxysilane, 
were due to the improved compatibility of the polyimide and the siloxane arising 
from interconnectivity through amino groups, from the coupling agent, and the 
large surface area created by the small size ofthe clusters [142J. 
Ober and Johnen [133] have also produced transparent hybrid films by 
incorporating a bonding site via a preliminary grafting reaction of the polyamic acid 
with g-aminopropyltrimethoxysilane and via the incorporation of a PDMS segment 
whose scission by the reaction with water allowed attachment to the PMDNODA 
polyamid acid backbone 
Schmidt, synthesised Ti~/SiOrepoxide composite materials displaying 
excellent transparency, hardness and wettability [124]. This was achieved by the 
sol-gel condensation of GOTMS (3-glycidoxypropyltrimethoxysilane) with titanium 
alkoxides. The siloxane was used to provide wettability, thanks to the hydroxide 
groups formed by the epoxide ring opening, and the Ti~ was introduced in order to 
produce a complete inorganic network. The reaction can be schematised as follows. 
o OMe 
/ \ / 
H2C- CH- cH;,- 0 - (CH2hSi, OMe 
OM> 
- Schematic representation ofSchmidt condensation [124J 
Reflecting their inorganic character these composite materials exhibited 
relatively low strength and were brittle. In order to increase the flexibility, an 
35 
organic polymer poly-methylmethacrylate, commercially available as methacrylate 
monomer possessing alkoxysilyl functional groups, was added through an in-situ 
polymerisation. 
The advantages of SIPNs (Simultaneous Interpenetrating Networks) [106] 
approach over using preformed polymers to form sol-gel derived composites are 
various. First of all, by incorporating difunctional monomers, the SIPN approach 
allows to crosslink the organic polymer, thereby locking-in the interpenetrating 
phase morphology. Then this approach allows the in-situ formation, and thus, the 
homogeneous incorporation of polymers, which normally, would not be miscible. 
Lastly, these materials typically display greater homogeneity and smaller domain 
size than comparable preformed materials. 
3.3 Phase separation in macromolecular solntions 
The mechanism and kinetics of phase separ,ation, directly affects the 
morphology and the related properties of the final hybrid material. It has often been 
suggested that phase separation in hybrids take place by spinoidal decomposition 
[107-110]. 
The scheme in the figure below represents a VeST (upper critical solution 
temperature)-type phase diagram. The solid curve is known as the binodal and it 
denotes the border between the thermodynamically stable, single-phase region, from 
the two -phase region. The dashed curve is known as the spinodal and it separates 
the unstable from the metastable phase-separated region in the diagram. Two-phase 
morphologies result by bringing the solution from the single phase region into the 
two-phase region by a quench equal to a temperature drop of "\)-T. The solution 
demixes, separating into two distinct equilibrium phases of composition <JlI and <JlII. 
A quench region iii, into the metastable region, brings about phase separation by a 
mechanism known as nucleation and growth (NO), where isolated particles having 
the equilibrium compositions, appear spontaneously and grow to yield an irregular 
particle dispersed morphology with a wide distribution ofthe domain size. 
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- Phase diagram of a polymer solution, [11 J). 
In quenches i and ii, on the other hand, phase separation proceeds by spinodal 
decomposition (SD). Initially, phase separation produces fine co-continuous 
domains that display a sinusoidal-type fluctuation in composition, with a periodic 
distance (wavelength) Am' 
s ~'-,---.--.----, 
i 1 ;'+-!--t--t-
o 
- Co-continuos structure produced by spinodal decomposition showing a concentration fluctuation 
along the unit cell, [112]. 
The magnitude of Am is inversely proportional to the quench depth, 
(the temperature difference defined by Tc-T). With time, the amplitude and 
wavelength of the variation increase to reach equilibrium values, leading to 
coarsening of the two phases [112]. As a result, the initial phase co-continuity will 
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be lost to produce a particulate structure but, contrary to the ND systems, the 
particles formed by SD are small and uniform in size [113]. Phase continuity may 
be preserved by rapid cooling, which freezes the morphological features, before the 
formation of macroscopic domains occurs (Le. during the late stages of the 
demixing process) [114]. In addition to VCST systems, LCST (lower critical 
solution temperature) systems also exist, where the transition curves in the phase 
diagram concave upwards. Phase separation in such systems occurs by a 
temperature jump into the two -phase region by heating rather than quenching. 
Phase separation can also take place by a reaction-induced mechanisms. These 
occur in systems where phase separation is driven by the synthetic reactions taking 
place in at least one ofthe components. 
This is the mechanism by which phase separation takes place in the production 
of organic-inorganic hybrids. 
The driving force for phase separation arises above a certain molecular weight 
limit, due to the loss of miscibility between the components. Although the process 
proceeds isothermally, the quench depth increases with molecular weight as a result 
of a progressive shift of the binodal, as shown in the figure below. Furthermore, it 
may be said that successive thrusts into deeper quench depths, create shorter 
wavelength compositional fluctuations which become superimposed with earlier 
longer-wavelength ones, and give rise to increasingly finer dispersed phases. 
SILICA POLYMER 
COMPOSITION 
- Shift a/the hinodal with polymerisation of silica. The system is based on a sol-gel solution of TMOS 
and poly(sodium-styrene-sulphonate}. S is the starting composition; 1, 2 and 3 are progressive stages 
a[polymerisation. [113]. 
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The size of fluctuation, is strongly influenced by the molecular weight of one 
or more of the components in the polymerising system, (for example, silica in a so-
gel derived hybrid which determines the chemical quench depth [113 D. It is also 
influenced by the rate of reaction, which determines the quench rate. Equally, the 
quench rate may be a relevant factor on deciding whether the NG or the SD 
mechanism take place; NG, for instance, is normally very slow and is favoured by 
conditions which cause the quench rate to be low [113]. 
It is often the case that coarsening, in reaction-induced phase separation, is 
arrested by chemical means. These may take the form of a severe reduction in 
mobility, for instance due to rapid crosslinking or gelation [111,113]. 
3.4 Structure property behaviour of hybrid materials 
Typical advantages of organic polymers are low rigidity, low density, high 
toughness, and easy processing whereas ceramics have very high rigidity and 
strength including high surface hardness. Depending on composition they can also 
have a high refractive index. Combining polymers and ceramers effectively will 
produce a new class of high performance materials generally known as organic-
inorganic hybrid materials. Because of the continuity of phases, their nanostructure 
and the interfacial interactions, the properties of these materials can exceed those 
predicted from conventional composites [115 - 124]. Indeed, materials at interface 
can constitute a separate phase known as "interphase" [118 - 124], which can 
contribute substantially to the overall properties of hybrid materials. 
Variables affecting the structure and properties of hybrids 
Landry et a1. [125] examined with SAXS two different samples of organic-
inorganic silica composites, and proposed morphological models to describe them. 
EAS (triethoxysilane-endcapped bisphenol-A epoxy resin) was reacted with TEOS 
under slightly basic conditions, and a random copolymer MMA-TMS 
(trimethoxysilane-methylmethacrylate) was reacted with TMOS 
(tetramethoxysilane) in acidic medium. It was concluded that the inorganic phase in 
the EAS-TEOS hybrid, exhibits particle-like characteristics at length scale less than 
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250A, and the organic-inorganic components are bicontinuous at larger distances. 
The MMA-TMS based hybrid, on the other hand, is better described by 
bicontinuous organic and inorganic phases with a periodic fluctuation of about 4oA. 
This difference in morphology can be probably examined in the following terms. In 
the acid catalysed MMA hybrid the TMOS is expected to form a branched polymer 
structure. Once most of the solvent is removed, phase separation is likely to occur 
via spinodal decomposition to form a bicontinuous interpenetrating network 
between the organic polymer and the inorganic polymer phases. A tentative of 
schematic representation of the morphology is shown above. 
- Schematic representation of the morphology of an organic-inorganic hybrid based on the 
simulalions results for SAXS profiles. It features co-continltos organic and inorganic phases. 
/l,ficrophase separation is proposed 10 occur by localisation of the inorganic phase in the mesh 
regions of the crosslinked polymer. Some attachments of the inorganic alkoxides to the functional 
sites 011 the polymer are possible (blackfilled Circles). [125J. 
Much of the inorganic phase is preferentially positioned within the "polymer 
free" regions of the crosslinked polymer network. In the higher pH EAS-TEOS 
hybrid, there may be a combination of spinodal decomposition and nuc1eation-and-
growth to form the final morphology. The combination of spinodal decomposition 
and Ostwald's ripening (NG) leads to bicontinuous phases at long length scales, and 
a more particulate morphology at shorter ones. 
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The idea of a discrete inorganic domain morphology was suggested also by 
Wilkes and co-workers [126 - 128], where the inorganic domains are formed at the 
functional sites on the polymer, accompanied by chemical crosslinking at the 
organic-inorganic interface. 
Yano et al. [129] prepared organic-iorganic silica hybrids following two 
different approaches. One method involved mixing the organic polymer HPC 
(hydroxypropylcellulose), PVA (polyvinylalcohol) or PVDF (polyvinylidene 
fluoride) with TEOS. During the sol-gel process, in this way, the inorganic mineral 
is deposited in the organic matrix forming hydrogen bonds between the inorganic 
phase and inorganic phase. In this case hydrogen bonding plays an important role in 
avoiding phase separation. The other route followed by these authors, was to 
introduce triethoxysilyl groups into the organic polymer prior to the sol gel reaction 
with TEOS, involving covalent bonds between the two phases. This time the 
polymers used were PPO (polypropyleneoxide end-capped with triethoxysilane) and 
the copolymer VacNTES (vinylacetate/vinyltriethoxysilane). The experiments 
conducted on the first type of composite (HPC) showed that with the increasing 
amount of TEOS content, there is an increase of dynamic modulus. However no 
change in tanli was observed because the molecular motions of the organic polymer 
are not restricted by the deposited silica component. It was proposed an hypothetical 
morphology for the PVDF/Si~ hybrid, as shown below. 
- Model of PVD/Si02 hybrid morphology, [129].1n the proposed model it is possible to distinguish 
well, zones where the PVDF chains are c.rystallised, others where such chains are disorganised and others 
{){'cupied hy the :dlir.a partide.'l (hlo{'kfilled zones). 
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The SAXS profiles of the covalent bonded polymers show a large sharp peak 
and its height increases when increasing the TEOS content. This is perhaps due to 
micro phase separation between silica reach domains and the organic polymer 
matrix. This time the tanS peak shifts to higher temperatures due to the molecular 
motions of the organic polymer being restricted by the silica rich domains. The 
small silica domains responsible for the low mobility of the organic polymer, are 
visible in the morphology model proposed for the PPO/Si02 hybrid shown below: 
- Morphology model of PPO/SiO, hybrid, [129J. The model propo,ved shows a sy"tem where t"e 
silica domains are dispersed in the polymer matrix. The distance, measuredfrom the centre, hetween each 
silica domain is expressed by rd. p is the density, in terms of silica, and it '8 fluctuation ilp between two 
domains goes/mm a maximum value (centre of/he domain) to a minimum (polymer matrix). 
A similar model is proposed for other triethoxysilane-terminated polymers 
such as PTMO (polytetramethyleneoxyde) [126, 131, 132], PDMS (polydimethy1-
siloxane) [130] and epoxy resins [125], 
Wei et al. [134] have synthesised by the sol-gel method two different 
polymethacrylate-silica covalent-bonded hybrid materials. The polymers used were 
PMCM (polymethylmethacrylate-co-3-trimethoxysilylpropylmethacrylate) and 
PHEMA (poly-2-hydroxyethylmethacrylate). These results were comparable to 
those found by Yano et al. [129] The rapid formation of covalent bonds between the 
polymer and the silica during the sol-gel reaction prevents from phase separation. 
42 
The storage modulus and the Tg of the PHEMA/Si~ composite, increase with the 
increasing amount of TEOS. The same increase of Tg is not denoted for 
PMCM/Si02, phenomenon explained with the possible side reaction happening 
during the sol-gel process, which would result in breakage of the covalent bonding 
and hence the separation of the polymer main chains from the silica network. 
Wilkes et al. [\35] studied PDMS (polydimethylsiloxane)ITEOS hybrids. 
They were among the first to report the synthesis of hybrids based on PDMS 
(polydimethylsiloxane), oligomers and silica from TEOS. The embedded inorganic 
phase conferred rigidity on these materials with a corresponding decrease in 
ductility. The properties were found to be substantially influenced by the amount of 
catalyst (HCl) added. Increasing HCl content leaded to a better interspersion of the 
two phases according to evidence from small angle x-ray scattering. The effect was 
attributed to kinetic factors. Higher HCl content helped the cross-condensation of 
TEOS with PDMS whereas low HCl content helped the self condensation of TEOS 
leading to phase vseparation. Not surprisingly, the use of a larger amount of TEOS 
[\35] and water, as weIl as additional thermal treatment [\36], gave rise to a more 
highly crosslinked silica structure, leading to an increase in dynamic modulus. The 
molecular weight of the oligomeric species was also found to be important as far as 
it can influence the propensity of the condensing phases to segregate; not 
surprisingly, low molecular weight oligomers produce systems of a higher degree of 
homogeneity [135, 137]. Mark et al. obtained similar results [138] to Wilkes et ai, 
using a system in which water for hydrolysis, was generated in situ from the 
esterification reaction of acetic acid and ethanol. 
In relation to homogeneity by virtue of the growth mechanisms and the 
resultant connectivity in hybrid systems, Assink and co-workers [I 40] have 
demonstrated the influence of the strength of the catalyst in the reaction of silanol-
terminated PDMS with TEOS by using dibutytlindilaurate (DBTDL) and tin octoate 
(TO) catalysts. The more reactive catalyst TO was found to affect growth in a way 
that gave rise to a more highly phase-separated microstructure, featuring a larger 
number of isolated Si02 domains. Their conclusions, obtained by varying the 
amount of TO in the formulations, can be correlated to those obtained by Wilkes 
and co-workers [135] using HCl as catalyst. 
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Hybrids utilising PTMO (polytetramethyleneoxide) oligomers have also been 
synthesised. The main difference of the PTMO-TEOS system, investigated by 
Wilkes et al. [137], to the PDMS-based system, is the inclusion of triethoxysilyl 
terminal groups in the oligomers which increase the amount of linkages formed 
between the e1astomeric and the rigid siloxane phases. The final materials showed 
improved mechanical strength and strain-to-break. The same team proposed a 
model based on SAXS data for the morphology of the hybrid from the PTMO-
TEOS system. The model resembles that of a segmented copolymer displaying 
discrete micro-domains. Further treatments [141], involving solubilisation and 
leaching-out of part of the silica from within hybrid films by immersion into IM 
NaOH solution, caused the mobilisation of the oligomeric chains which led to more 
pronounced phase separation. These experiments provided the evidence for the 
structure of the proposed model consisting of the encapsulation of oligomer chains 
within the inorganic network. The use of an organic component of higher molecular 
weight than usual, in the form of PTMO-based polyurethane oligomers [126], has 
provided additional proof of the efficiency of increased functionalisation on 
structure related properties. 
Triethoxysilyl groups along the backbone chain of the PTMO chains led to an 
increase in the number of linkages between the oligomer chain and the siloxane 
network. 
.ot 
.... 
Jol 
- Schematic polymer structure, having various number (x) of triethoxysilane groups, [142}. 
As a consequence of the greater connectivity of the phases, there was an 
increase in T g, associated to an increase in modulus and strength and a respective 
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decrease in strain-at-break. Furthermore, the SAXS observation of a decreased 
inter-domain distance with higher average number of pendant triethoxysilyl groups 
on the PTMO backbone, indicated a higher interdispertion of the organic and the 
inorganic phases. 
Chan and co-workers [143, 164, 165] synthesised, via the sol-gel process, and 
studied the glass transition behaviour depending on the heat treatment, PMMA 
(polymethylmethacrylate)/silica hybrids. Through IR and DSC analyses they 
founded that heat treatment causes further condensation reactions which consume 
silane groups and diminish the hindrance effect from ethyl group of unreacted 
silane. The infrared spectra of the hybrids show an evident increasing of absorption 
peak with the increasing silica content to the corresponding of the pure silica. 
Hydrogen bonds can be formed from carbonyl groups and silanol groups of 
the organic and inorganic phases. With the higher interfacial interactions from 
hydrogen bonding, heat-treated hybrid materials acquire higher miscibility. Hence, 
PMMAlTEOS hybrids exhibit, in DSC experiments, two glass transition 
temperatures. However after heat treatment, 180°C for 24h, such hybrids shown 
closer glass transition temperatures or, in certain cases, only a single Tg, meaning 
that the phase separation between the organic and the inorganic one, was reducing 
or in some cases disappearing. 
Ochi and co-workers [145] synthesised epoxy-silica hybrids containing up to 
20%. of silica from DGEBA (epoxy resin Epikote 828) and GOTMS (glycidoxy 
propyltrimethoxysilane) and TMOS (tetramethoxysilane) by sol-gel process. TEM 
examinations showed a very intercompenetrated hybrid structure. The conclusion 
reached by Ochi et al. was that the fine silica particles visible at the TEM did not 
contain pure silica, but a mixture of silica and epoxy network. In the 
DGEBA/GOTMS hybrids the storage modulus in the rubbery region increased and 
the peak area of the tanO curves in the glass transition region decreased, with the 
hybridisation with silica. These results, combined with those from the TEM 
analysis, showed that the silica network was dispersed in epoxy network in a 
molecular order by covalent bonds so that the motion of the network chains is 
strongly restricted. This result was attributed to the suppression of the epoxy 
network constituent with the incorporation of a silica network containing a 
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functional (epoxy) group, which can react with the organic component. 
An interesting study on nanD-clays 
Kormann et al. [144] studied the effect of different curing agents on 
epoxy/clay nano-composites. Three curing agents were used, an aliphatic amine and 
two cycloaliphatic amines. The success of nano-composite synthesis was found to 
be dependent on both the cure kinetics of the epoxy system and the rate of diffusion 
of the curing agent into the porosity of the nano-clays. Influencing these two 
phenomena, the nature of the curing agent affects the overall structure of the 
composite. The characteristics of the curing agent, such as the molecular size and 
shape and the reactivity, were found to be important parameters influencing the 
relative extent of polymerisation. 
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CHAPTER4: CORROSION PREVENTION 
BY MOLYBDENUM COMPOUNDS 
4.1 Introduction 
All metals and their alloys are susceptible to corrosion. The driving force that 
causes metals to corrode is a natural consequence of their temporary existence in the 
metallic form. To reach the metallic state from their natural stable chemical 
compounds (ores), it is necessary for them to acquire electrons. This process 
requires the intake of energy since this leads to less stable products. The amount of 
energy is different from metal to metal depending on the electronegativity of the 
element. It is high for metals such as aluminium and iron and low for metals like 
copper and silver. The energy required to convert a metal element from the ore to 
the metallic state will be then given out when the metal "corrodes", that is when the 
metal is oxidised to a more stable compound. 
Nevertheless there are metals that do not "appear" to be corroding at all. 
Indeed, if the tendency of a certain metal to oxidation corrosion is high, its oxides 
may be able to protect it from progressive corrosion reactions through the formation 
of a barrier to oxidative reactants, (see later). 
If iron was exposed to air and water, rust would be expected to develop 
within matter of hours. On the other hand, if copper or aluminium were substituted 
for iron, a given degree of corrosion may take place but some corrosion would be 
still take place. These metals, instead of producing rust, form an extremely thin 
oxide layer, which coats the surface and acts as a barrier to continued attack. This 
slows down the rate of corrosion and the process is called metal passivation. 
Ordinary iron does not form such an effective barrier, since its oxides are 
conductive and permit to oxygen and moisture to continue the rusting process. 
Different kind of precautions can be taken to prevent iron and its alloys from 
corroding, such as coating or electroplating. These provide an artificial protective 
layer over the metallic surface to be protected. 
47 
The coating layer, in addition to the physical protection from the aggressive 
environment, in certain cases, can act also as chemical barrier (i.e. corrosion 
inhibitor). An inhibitor act in different ways. For example it can be anodic or 
cathodic, an oxidising ion or nonoxidising ion. 
Molybdenum, is an anodic nonoxidising ion. It prevents iron from rusting 
only in the presence of oxygen, otherwise it cannot passivate the metal surface. 
However, passivating inhibitors such as molybdates, are frequently used because 
they are very effective in large quantities. 
4.2 Protective capabilities of coatings 
The role of a coating is to prolong the lifetime of a substrate. The protective 
ability of coating requires the separation of the substrate from the atmosphere. The 
insulating capacity of a coating, that is, the service life of a coating, depends on the 
. physical quantity (thickness) and the chemical properties of the coating layer. The 
latter determines also the durability of a coating layer in a particular environment, 
that is to say that it determines the corrosion resistance of the coating and the 
stability of its organic and inorganic rusting products. 
Life Time or roatlnG 
- - y-f'rOOH Une - - - _ - _ 
h:posu.re T 1.u~: 
- Role of corrosion resistant coating on a base metal, such as iron: 4Fe+ 302+ 2H20-> 4FeOOH 
t1G=-81 Kcallmol [J46]. 
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The durability of a coating material, in tenDS of mechanical and chemical 
resistance, must be greater than that of the base metal or it must be maintained by 
some means. Moreover, the ability to protect the base metal with its original pores, 
crack, or with defects resulting from mechanical damage beneath the coating layer, 
is often required. 
Commonly used corrosion-resistant coatings are classified into five 
categories, on the basis of electrochemical principles: 
I. EMF control protection 
2. Cathodic control protection 
3. Anodic control protection 
4. Mixed control protection 
5. Resistance control protection 
Theories of these protective abilities of coating can be explained by the 
mechanism of the corrosion cell. 
In the natural environment, the corrosion of most metals occurs and proceeds 
electrochemically. Namely, the corrosion cell is fOnDed on a metal surface in an 
atmosphere in which oxygen and water are present, as shown in the figure above. 
r 
0, 
Ele1lronl 
Aria 
0, 
I 
- Corrosion cell in a natural environment, [147J. 
0, 
Elettronl Fe 
Zone 0 
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The electrochemical reactions in the corrosion cell are written in general form: 
Anodic reaction 
M ... M"+ +ne 
Cathodic reaction 
in acidic solution 
2H'" + 2e -"""" .... - H2 
in neutral and alkaline solutions 
The mechanism of the corrosion cell can be represented in next figure by 
using the Evans diagram [148, 149]. In the Evans diagram the cathodic current is 
expressed in the same direction as the anodic current. 
-Mechanism oflhe corrosion cell. [146]. 
Ea is the single potential for metal metal-ion equilibrium at the anode, and 
Ec is the single potential for H2 IH'" or for OzIHO· equilibrium at the cathode. 
The single potential is given by Nerst equation [147]: 
RT E=Eo+-lna 
nF 
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where E is the single potential, & is the standard single potential, R is the gas 
constant, T is the absolute temperature, n is the charge on an ion, F is the Faraday 
constant and a is the activity of the ion. E is equal to Eo when a is equal to 1, (at low 
concentrations is valid the approximation a= 1). The standard single potential is the 
degree of activity, for example, of metals and gasses. The more negative is the 
single potential of the metal, the more active it is in terms of being oxidised, 
according to the following equation which connects the variation of the free energy 
(AO) with the electric work (nFAE) obtained from the reaction: 
When the corrosIOn cell circuit is formed, that is, when the differential 
potential AE = (Ec - Ea) is supplied, the current flows between the anode and the 
cathode. The anodic electrode potential is shifted to the noble direction (higher 
values), the cathodic electrode potential is also shifted, but to the less noble 
direction (lower values), (see previous graph). The behaviour of these electrode 
potentials is called anodic and cathodic polarisation. Each reaction rate curve is also 
called anodic or cathodic polarisation curve. 
The intersection of anodic and cathodic polarisation curves shows the corrosion 
potential, Ecorr., and the corrosion current, lcorr. Thus, the anodic and cathodic 
electrodes react at the same rate in the corrosion process. 
The difference in potential between Ecorr and Ea or between Ecorr and Ec, is 
called anodic overpotential or cathodic overpotential, and is expressed with 11a or 
T\c That is, 
11a = Ecorr- Ea 
T\c = Ecorr - Ec 
T\a>O 
T\c<O 
T\a/lcorr or T\c/lcorr represent the anodic or the cathodic reaction resistance. 
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The corrosion reaction starts as soon as the cell circuit is formed. That is: 
where R is the resistance of the electrolyte between the anode and the cathode. 
The importance of the anodic and cathodic overpotentials is to determine the 
corrosion rate. It means that the slopes of the two polarisation curves will determine 
the rate-determining step. 
Corrosion control processes are classified into four types by the patterns of 
anodic and cathodic polarisation curves. That is, cathodic, anodic, mixed, and 
resistance controls, as shown: 
CathOdIC' control "nOd1t control 
lcorr. 
LDO Cuue-nt ~ns1ty 
- Four types of corrosion control. [146]. 
Based on the concept that corrosion resistance is achieved reducing Icorr, for 
each one of the previous situations will be possible to define a method to control the 
corrosion process. 
4.3 Mixed control protection 
Coatings for mixed control protection are formed by the interaction of a 
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metal surface with other elements in a solution. The coating layers are composed of 
inorganic compounds that are chemically inert such as oxides or hydrate oxides. 
The formations of inert compounds on the surface reduce both anodic and cathodic 
areas and delay the transit of reactive species to the base metal. Thus, the situation 
on a coated surface results in increases in the slopes of anodic and cathodic 
polarisation curves, thereby decreasing the corrosion rate of the substrate. 
Coated metals generally exhibit more noble potential, (higher corrosion 
potential) than do uncoated metals, so the degree of anodic polarisation is larger 
than that of cathodic polarisation after coating. 
The surface treatments belonging to this category are for instance aluminium 
or molybdenum oxides, chromium hydrate oxide, and anodised coatings. The film 
formed by these treatments are used not only to enhance the corrosion resistance of 
a surface but also to increase adhesive bonding of the paint used for the coatings. 
Mechanism o/Corrosion Protection by Conversion Coatings 
In practice, each conversion coating protects the substrate against corrosion 
with two or three of the following protective abilities: 
I. Secondaty barrier action of corrosion products fonned artificially. 
2. Inhibiting action of soluble compounds contained in the corrosion 
products. 
3. Increase in paint adhesion by the fonnation of a unifonn corrosion product 
layer. 
Conversion coatings are composed of corrosion products that are formed 
artificially by chemical or electrochemical reactions in particular solutions. 
All conversion coatings provide a secondary barrier action and an excellent 
base, which enhances the adhesion bonding of organic films. The secondary barrier 
built up by corrosion products provides mixed control protection for the base metal. 
That is, the formation of a barrier reduces the active surface area on base metal and 
delays the transportation of oxidisers and aggressive species, thereby inhibiting 
formation of corrosion cells. 
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4.4 Molybdates in corrosion inhibition 
The inhibitive effect of molybdates on the corrosion of iron has been 
extensively investigated. Robertson [150] first studied the effect of molybdate on 
the corrosion of mild steel in aerated water. It was done a comparative study of 
corrosion inhibition of iron by IIDlybdates, tungstates, chromates, and nitrites, in 
order to evaluate the relative inhibition efficiencies of the different ions and to 
investigate the underlying mechanism. 
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- Comparative corrosion inhibition of iron in aerated water by molybdate, lungstate, chromate, 
nitrite. [J 50]. 
It was discovered that both tungstates and molybdates, in this respect, are 
efficient inhibitors, comparable to chromates and nitrites. Of special significance is 
the fact that corrosion practically ceases at approximately the same concentration of 
each of the four ions, namely 10-3 molal, when all the other experimental variables 
are maintained constant. This indicates that the number of non-oxidising ions per 
unit of metal surface is important and that the individual chemical properties of the 
four types of ions as oxidising agents, are not directly involved in establishing a 
concentration at which inhibition is complete. His data show also that the inhibitor 
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concentration decreases from all the initial concentrations below 10.3 molal, at 
which inhibition is complete. These results demonstrate that consumption of 
inhibitor ions from solution, below the critical concentration, is associated with 
corrosion and not with inhibition. 
A similar conclusion can be drawn from the data of Pyke and Cohen [151] 
on nitrites, which decompose in presence of corroding iron but not when corrosion 
is suppressed by a sufficient concentration of nitrite ions. 
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- Inhibition of iron by molybdate and tungstate, [15 J). 
It was demonstrated by Robertson that in an inadequately inhibited solution 
the inhibitor ions are absorbed on the corrosion products, such as FeMo04 or 
FeW04 , and are effectively removed from the metal-solution interface, allowing the 
corrosion to proceed at an increasing rate. Under defined conditions it was found 
that a maximum appears on both molybdate and tungstate corrosion rate curves 
indicating that each of the two ions act as corrosion accelerators at low 
concentrations. 
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A study of corrosion potentials showed that a partial passivation of the 
surface, leaving the remainder in an active state, may produce a local "active-
passive" cell with an electromotive force resulting in an apparent acceleration of the 
corrosion rate. 
With respect to the inhibition mechanism, it was concluded that oxidising 
power is not a necessary prerequisite for inhibitors of this type. Indeed, the relative 
oxidising power of the four ions is very different. Neither molybdates nor tungstates 
are capable of oxidising ferrous ions, whereas chromates are among the most 
effective oxidising agents while nitrites are relatively inefficient, but still capable of 
oxidising ferrous ions. Consequently, because both molybdates and tungstates are 
efficient corrosion inhibitors for iron in aerated water, and comparable in this 
respect with chromates and nitrites, the coprecipitation of oxidation and reduction 
products of the metal could not be the principal function of inhibitor in preventing 
corrosion. Therefore, passivating inhibitors needed not to be oxidising agents. Since 
it was not possible to explain the inhibition by coprecipitation, the phenomenon was 
associated with the presence and adsorption of the inhibitor ions at the metal-
solution interface. 
Pryor and Cohen [152] extended Robertson' s work to include deaerated 
solutions and found molybdate ions to be less effective than chromate and nitrite 
ions in inhibiting corrosion. It was postulated that the greater inhibitive action of 
chromate and nitrites was the result of their oxidising ability and thus a passive film 
can be formed rapidly on iron in the absence of dissolved oxygen. Molybdates, 
being much weaker oxidising agents, could not passivate in absence of oxygen. It 
was suggested that in aerated environments, oxygen was the primary passivator, and 
the inhibiting ions acted only for film repair. The oxidising ability of molybdate was 
sufficient even when discharged at high anodic current density to oxidise the iron 
surface. 
Uhlig and King [153] determined the Flade potentials for iron solutions of 
various inhibitors and postulated a mechanism similar to Pryor and Cohen for 
passivation by molybdates. Cartledge [154] performed an extensive electrochemical 
investigation into the inhibition of iron corrosion by molybdates and proposed that 
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the formation of ferrous-ferric molybdates on the iron surface at passive potentials, 
accounted for the inhibitive effect of molybdates. 
Lizlovs [155] has studied the effect of the concentration of molybdate ions 
on the corrosion inhibition of steel in aerated chloride/sulphate containing solutions. 
His results are of special interest since they provide clues to the mechanism of 
corrosion inhibition by molybdate ions in basic solutions. Through electrochemical 
tests he obtained polarisation curves and potential-time relationships, that indicate 
that corrosion inhibition of iron in a basic, chloride containing solution is achieved 
by passivating the iron surface, that is, by forming a protective film. It was 
observed, however, that spontaneous corrosion inhibition was achieved only in the 
presence of oxygen, which suggested that trivalent iron ions have to be present 
before molybdenum could act as a passivating agent. Based on these observations, 
and those of other studies [150-154] [156-157], Lizlovs suggested the following 
corrosion inhibition mechanism. As the iron sample corrodes in a solution 
containing chloride, molybdate and other ions possibly present in the solution, such 
as sulphates, become absorbed on the surface and form a non-protective complex 
with divalent iron ions. The divalent iron is oxidised by the dissolved oxygen to 
trivalent state, and a ferrous-molybdate complex is transformed to ferric molybdate, 
a compound insoluble in neutral or basic environments. The accumulation of this 
compound on the electrode protects the metal substrate from further corrosion. 
Assuming that molybdate ions must be first absorbed on the iron surface before 
they can act as inhibitors, the presence of other anions which are easily absorbed, 
and thus are competitive with molybdates for adsorption sites, will interfere with 
the corrosion inhibition. Thus larger amount of molybdates may be required to 
inhibit corrosion in the presence of such commonly occurring ions as 802-4 C02 -3 as 
well as cr. 
8ranick [158] also ltudied the effect of molybdate ions on the corrosion of 
mild steel. His work was undertaken to expand the knowledge of the behaviour of 
molybdates as corrosion inhibitors for ferrous metal in aggressive environments and 
to determine differences in behaviour in aerated and deaerated systems. 
Passivation of steel was shown to occur in the presence of oxygen, or in 
deaerated media through the utilisation of potentio-static methods. The fact that 
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steel can be passivated in deaerated molybdate solution, implies that spontaneous 
passivation of steel is possible in oxygen free environments containing molybdate 
and a suitable oxidising agent of sufficient strength. The oxidising strength required 
for the passivation of steel is determined by the magnitude of the critical current 
density, which in this case is determined by the molybdate concentration. Higher 
molybdate concentrations, which result in lower critical current densities, indicate 
that the oxidising strength necessary for passivation of steel is inversely related to 
molybdate concentration. This inverse relationship between critical current density 
and molybdate concentration can be explained by considering the absorption of 
molybdates onto the steel surface. An increase in molybdate concentration results in 
an increase in molybdate adsorption, which causes a reduction in critical current 
density. The degree of protection afforded by the passive film, which forms on steel 
from a molybdate solution, is reflected by the magnitude of the passive current 
density and the nobility of the pitting potential. An increase in molybdate 
concentration results in both lower passive current densities and more noble pitting 
potentials, indicating the formation of an increasingly protective film. The increased 
protective nature of the passive film may be the result of a strengthening through 
increased incorporation of adsorbed molybdate into the iron oxide film or to the 
increased availability of adsorbed molybdate capable of repairing defects in the 
passive film. The dependence of steel passivation on molybdate ions adsorption 
suggests, as with many other inhibitors, that aggressive anions could compete for 
adsorption sites on the steel surface and detrimentally influence passivation. 
The protective nature of the molybdate/iron oxide film may be explained by 
considering the ionic transport properties of the film. Sakashita and Sato [159] have 
determined through measurement of membrane potentials that the presence of 
molybdate in a hydrous ferric oxide film, makes the film cation selective. They have 
shown that monovalent cations can permeate the molybdate containing iron oxide 
films, whereas multivalent cations such as Fe +2 and Fe +3 cannot permeate the film. 
Ferric oxide films without molybdates are anion selective and are, thus, non-
protective because of the transport of chloride ions through the film. Therefore, the 
presence of an iron oxide/molybdate film on steel will inhibit corrosion by reverting 
the transport of aggressive anions to the metal surface as well as by preventing 
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metal cations from escaping into the solution. 
The effectiveness of molybdates, as a corrosion inhibitors in acidic solution, 
was found to be much less than that in neutral or alkaline solutions. It is well known 
that in acidic solution, the orthomolybdate ion, Mo04 2., condenses into various 
isopolymolybdate species, M0 70 24•6, MOS026•4• Because the passive current density, 
exhibited by steel in acidic solutions, was greater than that in neutral or alkaline 
solutions, it can be concluded that the isopolymolybdate anions are not as effective 
as the orthomolybdate anion in the inhibition of steel corrosion. A possible 
explanation for the reduced effectiveness of the isopolymolybdates, could be that 
they are less readily adsorbed onto steel and, not adequately incorporated into the 
film, possibly due to steric effects. It was also shown that a non-protective Mo02 
film forms on steel in acidic solutions, due to reduction of the isopolymolybdate 
ions, Formation of the dioxide effectively decreases the concentration of the 
inhibitive species at the metal surface further reducing the inhibitive efficiency of 
the molybdate solution. In addition, soluble ferric heteropolymolybdate complexes 
of the form (FeM060 24H,;r3 are known to exist in acidic solution [160]. The 
possible formation of a ferric heteropolymolybdate complex could assist the 
solubilisation of Fe +3 ions, accelerating the dissolution of steel and preventing 
formation of a coherent passive film. 
4.5 The choice of molybdenum 
Many inhibitors have been studied to prevent steel from rusting. For a long 
time, chromates have been accepted as anodic inhibitors for ferrous metals in many 
commercial applications, because of their excellent performance in both aerated and 
deaerated environments. The toxicity of chromates, however, has restricted their use 
and has raised the interests in the use of more environmentally acceptable 
alternatives, such as molybdates. The toxicity of molybdenum and its compounds 
appears to be low as no adverse effects on human beings traceable to molybdenum 
or its products, have been reported. A U.S. government report [161] states that, in 
general, molybdenum compounds are of a low order of toxicity, from the point of 
view of both chemical and histo-pathological effects. 
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CHAPTER 5: EXPERIMENTAL 
5.1 Materials 
Organic Component 
Epoxy resin 
The resin components used were bisphenol-A type epoxy resins, 
commercially known as Epikote828, and Epikotel009, both obtained from Shell 
chemicals. These have a number average molecular weight of 370 and 5000 atomic 
mass units respectively, corresponding to an average degree of polymerisation of 
0,1 and 16 expressed in terms of central CH2CHOHCH2 units per molecule. The 
general structure is as shown below: 
Bisphenol-A epoxy resin 
Coupling agents 
In order to improve the compatibility between the inorganic and the organic 
phases, three different coupling agents were used. One was an amino-si lane 
coupling agent such as Al170 (y-trimethoxysilylpropylamine) as shown below. 
A1170 
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It was obtained from OSi specialities (purity >95%). 
Another was an isocyanate-silane coupling agent such as ICTES (3-
triethoxysilylpropylisocyanate), as shown below, obtained from Aldrich with 
standard grade of purity (purity>95%). 
EtO 
\ 
EtO-Si-(CH2h-N=C=O 
/ 
EtO 
ICTES 
Also was used a mercapto-silane coupling agent MPTMS (mercaptopropyl 
trimethoxysilane), shown below, obtained from ACROS chemicals (purity >95%). 
OMe 
/ HS~-(CH2l3-Si---oMe 
\ 
OMe 
MPTMS 
Other coupling agents 
Other coupling agent employed were: DBA (n-Dibutylamine) and Y9669 
(phenyltrimethoxysilylpropylamine). The structures are shown below. 
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DBA 
Y9669 
Both the chemicals were obtained from Aldrich chemicals in standard grade 
of purity (purity>95%) . 
Solvents 
The solvents used were xylene and butanol. Xylene was obtained from F1uka 
and butanol from Aldrich, both as analytical grade materials. 
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Inorganic component 
Silica precursor 
TEOS (tetraethoxysilane) was used to generate the silica network In the 
hybrid system. It was obtained from ACROS. Its structure is: 
TEOS 
Coupling agent 
GOTMS (3-glycidoxypropyltrimethoxysilane) was used to enhance the 
compatibility of the inorganic phase with the organic one. The structure is: 
o OMe 
/\ / 
H2C-CH-CH2-0-(CHv3-Si--OMe 
\ 
OMe 
GOTMS 
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Catalyst 
DBTDL (Dibutyltindilaurate) was used as condensation catalyst in the 
alkoxysilane solution. 
o nBu 0 
11 I 11 
CH3-{CH2)10-C-O-Sn--O-C-O--{CH211o-CH3 
I 
nBu 
DBTDL 
It was obtained from Aldrich chemicals with a purity> 95%. 
Solvents 
The solvents used in the hydrolysis and condensation of the silica precursor 
were distilled water and ethanol, the latter obtained from ACROS. 
Pre Formed Silica 
Pre-formed silica particles, with an average diameter of 7 nm were obtained 
from Clariant in 30% isopropyla1cohol suspension. 
Hardener 
The hardener used to crosslink the composite network was a diamine 
compound PACM (4,4'-methyleIibis(cyc1ohexylamine». The structure of the 
molecule is shown below. 
H2N-oCH2VNH2 
PACM 
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Molybdenum 
Molybdenum, was added into the formation of the hybrid in two forms, as 
crystalline molybdic acid (H2Mo04) obtained from ACROS, and as amino-
molybdate synthesised in our laboratories from the reaction between PACM and 
Mo03• 
Synthesis of amino-molybdate 
The synthesis of the amino molybdates is shown below. 
H2NVCH20NH2 + Mo03 + 2EtOH 
PACM Molybdenum trioxide 
-------------[NH,-O-CH'O H,Nj [MoOn [ ",,--0 CH'OH;<'] ;00.[' j 
+ PACM-Molybdates Adducts + 
It was carried on following the directions of F. Amau-Neu and M.J. 
Schwing-Weill [186]. Such preparation leads to a soft powder which was 
characterised at the FTIR. 
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5.2 Preparation of hybrids 
Fnnctionalisation of the epoxy resin solution 
Epoxy resin solution 
The mixture of two epoxy resms was used as organic matrix for the 
formation of the epoxy-silica hybrids. The resins were dissolved in a mixture of 
xylene\butanol 66\33 wt%. The composition ofthe solution was fixed at 60% solids 
to meet viscosity requirements (-1-2 poise) for applications such as spray coating. 
The ratio of the two epoxy resins was Epikote828 85% and Epikotel009 15%. The 
polymers were dissolved at room temperature under stirring conditions 
Coupling reactions 
- Al170, Y9669 and DBA coupling agent coupling agents 
In the case of the Al170 coupling agent, the functionalisation of the epoxy 
resins with the amino-silane coupling agent was carried on under stirring 
conditions, respectively: 
- 15 minutes at 60 - 70°C 
- 120 minutes at 80 - 90°C 
The Al170 coupling agent, being an amme compound, reacted with the 
epoxy resins by addition to the epoxy groups. The remaining large amount of epoxy 
groups of the resins, were to be used in the curing reactions to create the organic 
network in the hybrid material. The necessity to produce an adequate cross-linking 
density in the organic component, makes the choice of the right amount of this 
coupling agent a very important consideration. The A1170 was therefore used at 
two different levels. 
- Epoxy groups/A1170 = 8/1 
- Epoxy groupsl A 1170 = 1011 
mol. ratio 
mol. ratio 
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Y9669 and DBA coupling agents followed the same process of A1l70. The 
quantity employed was 1/10 ratio to the epoxy groups and the reaction conditions 
120 minutes at 80 - 90°C. 
ICTES coupling agent 
For the functionalisation of the epoxy resms with an isocyanate-silane 
(ICTES), the reaction was carried out under stirring conditions, respectively: 
- 15 minutes 60 - 70°C 
- 120 minutes, 80 - 90°C 
The ICTES coupling agent, being an isocyanate compound, was expected to 
react only with the Epikotel009, since this is the only component to have hydroxyl 
groups as reactive sites for the isocyanate. The amount of -OH groups in the 
Epikote828 is considered to be negligible. Because of the reactivity of the 
isocyanate with the hydroxyl group of the butanol, used to dissolve the epoxy resins 
and dilute the solution, it was added after the functionalisation. The amounts of 
ICTES used were: 
- Epikote1009 OH groups I isocyanate groups = lOll 
- EpikotelO09 OH groups I isocyanate groups = 5/1 
MPTMS 
mol. ratio 
mol. ratio 
For the functionalisation of the epoxy resms with the mercapto-silane 
coupling agent, the reaction was carried out under stirring conditions: 
- 120 minutes, 80 - 90°C 
The MPTMS coupling agent, having a reactive -SH group, reacted with the 
epoxy resins by addition to the epoxy groups. The remaining amount of epoxy 
groups of the resins (as seen previously in the case of the A1l70), was to be used in 
the curing reactions to create the organic network in the hybrid material. 
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- Epoxy groupslMPTMS = lOll mol. ratio 
The functionalisation reactions were followed by FTIR analysis. 
A schematic representation of the functionalisation reactions is shown below: 
a) End of chain functionalisation 
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/ 
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OM> 
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Hydrolysis and condensation ofthe silica precursor solution 
Mixing and maturation 
Following the well established procedures u;ed at Loughborough [1l0, 123], 
TEOS, GOTMS, ethanol, water and DBTDL were mixed in fixed molar ratios. The 
molar ratio waterffEOS was maintained constant at 3/1.' The best molar ratio for 
water/ethanol, in terms of hydrolysis rate, was found to be 111 and was held 
constant. At tbis level the TEOS/GOTMS molar ratio was varied in order to 
optimise the compatibilisation requirements with increasing amounts of silica 
precursor in the composite. The three molar ratio TEOS/GOTMS used, were: 0.12, 
0.24 and 0.45. 
The DBTDL was added in amounts equal to 0.2 % of the resulting solution. 
The maturation of the silica precursor solution was carried out under stirring 
conditions, respectively: 
- 5 minutes at room temperature 
- 120 minutes at 90°C 
The required period for "maturation" was assessed by measuring the gelation time. 
The amount of TEOS used was varied in order to obtain hybrids with 
different amount of silica, wt ratio EpikotelTEOS = 4/1, 3/1,2/1 and 3/2. 
The theoretical amount of SiO:! was calculated taking into account that the 
weight percentage of silica produced is 28.8% of the amount of TEOS and 25.4% of 
the GOTMS used. In this way the total amount of equivalent SiO:! from the total 
content of si lane components, was respectively 3, 6, 7.5,15,18 and 30% wt. 
Hybridisation reaction 
Mixing and maturation o(the hybrid precursors 
After completion of the earlier described reactions (functionalisation and 
hydrolysis), the components of the ptecursor solution were mixed and pre-reacted 
(maturation) for: 
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- IS minutes at 60 - 70°C 
- 120 minutes at 80 - 90°C 
The solutions were stirred during maturation and then cooled. 
Curing reaction 
Adding the hardener to the hybrid precursor solution 
The hybrid precursor solution and the epoxy hardener, PACM, were mixed 
and stirred for one more minute, then spread on microscope glass slides to cast the 
films. 
The amount of hardener used was varied as shown below: 
- Epoxy groups / -NH2 groups = 1 / I molar ratio 
- Epoxy groups / -NH2 groups = I /0.375 molar ratio 
stoichiometric quantities 
75% deficiency NH2 groups 
The amount of epoxy groups used in the calculation correspond to those 
remaining after the functionalisation, while the -NH2 groups correspond to those in 
the hardener, not taking into account residual =NH groups in the amino-silane used 
for the functionalisation reactions. 
Ageing and post-curing 
The epoxy-siloxane hybrid mixture was left curing at room temperature for 
two days and post-cured according to the schedule below: 
80°C 6h + l20°C 2h 
l20°C 6h 
80° 24h 
120°C 24h + 150°C 2h 
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Addition of molybdenum 
Some of our formulations were also added with molybdenum, it was 
introduced at the last stage of the preparation of the hybrid, just before adding the 
hardener (P ACM), in the total amount of 3% and 6% by weight of the final solid 
content of the hybrid. 
Addition of molybdic acid 
Molybdic acid was in the form of crystals and in order to obtain a fine 
dispersion, those were finely grained with a blender. After the addition of the 
H2Mo04, the hybrid precursor solution was stirred for one minute and added with 
PACM and cast as described previously. 
Addition of amino-molybdate 
This molybdate is in the form of a fine powder and contains already part of 
the PACM needed for the curing reactions, therefore a new amount of pure hardener 
was calculated to be added for the completion of the curing reactions. After the 
addition of the amino-molybdate the hybrid precursor solution was stirred for one 
minute, added with PACM and mixed for 45 minutes before casting. 
5.3 Preparation of samples for corrosion tests and diffusion of 
molybdates 
Corrosion tests 
Mild steel plates, zinc coated and uncoated, were used as the substrates for 
corrosion tests. A controlled area of the plates was coated with a 0.2 mm layer of 
hybrid. 
The coating was grooved, in order to expose the substrate to the corrosive 
environment which was a 3.5% sodium chloride water solution at room 
temperature, and the corrosion potential of the substrate was measured versus time. 
Below is shown a scheme of the corrosion cell: 
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Our system, shown in fig. A, was not completely coated with the hybrid 
(yellow area) but was partially coated with an adhesive tape (green area) used to 
protect the uncoated area from the corrosive environment. Therefore, between the 
coated area and the tape, there was a small border which is subject to corrosion even 
if the coating is not grooved. Hence some of the coated substrates were not grooved 
in order to obtain a reference corrosion potential value for best corrosion protection. 
The geometry of this system was imposed to us by the need to obtain a constant 
uniform thickness of coating. Indeed the adhesive tape was used to control the 
thickness of the coating during the spreading process of each sample. 
Diffusion o{Molvbdates 
In order to measure the rate of diffusion of the molybdates from the hybrid 
coating, controlled specimens of hybrid coatings containing molybdates, were 
immersed in water at 65°C (below the Tg - 70,SO°C). Samples of the water solution 
were taken at different times and analysed by plasma spectroscopy in order to 
determine the variation of the concentration of molybdates versus time. 
72 
5.4 Characterisation Techniques 
FTIR 
Transmittance FTIR spectra were obtained using a Mattson 3000 
spectrometer, with a resolution of 4 and 2 cm· l , in the infra red spectra range 4000 -
600 cm· l . Measurements on solids were carried out by dispersing the powdered 
samples in KEr salt. Measurements on liquid samples, were carried out by 
spreading the solution between two NaCl tablets. Quantitative studies were 
conducted for the coupling reactions. In order to follow the yield of such reactions, 
the spectra of the two starting components, (coupling agent and epoxy resin 
solution), were first obtained, followed by spectra of their mixture at different 
extents of reaction. The disappearance of a peak relative to the reacting group of the 
coupling agent, was monitored as a function of time. The spectra of the reacting 
mixtures were subtracted from that of the epoxy resin solution and the areas of such 
peaks were calculated. The length of the optical path was calculated to be constant 
in all the samples analysed. 
ICP 
The Inductively Coupled Plasma (ICP) used for the atomic absorption 
Spectrometry was a Thermo-larrell-Ash Thermo-scan-16. This sensitive technique 
allows the determination of very small amounts of elements in a solution. The 
technique consists in heating a noble gas, such as argon, up to 2000°C. This heat 
source is exploited to excite the electrons of the elements under examination which 
absorb energy. Each element is sensitive to a few, exact frequencies of excitement 
so that they are easy to distinguish from each other. The instrument was 
standardised in order to determine molybdenum in the range of concentration 
between 0,01 and 10 parts per million (ppm). 
Corrosion potential measurements 
The corrosion potential of the mild steel plates was measured wi th a Hewlett-
Packard potentiometer connected to a calomel reference electrode at room 
temperature. 
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DSC 
Differential scanning calorimetry is extensively used to measure transitions 
in polymers. DSC technique relies upon the heat involved in endothermic and 
exothermic transitions. This sensitivity allows the instrument to detect phase 
transitions and secondary transitions due to a variation of the heat capacity. 
Preliminary Tg (Glass Transition Temperature) measurements, were carried 
out with a Du Pont instrument 9000 DSC. The samples were heated from -20 to 
200°C at the rate of 10 °C/min under nitrogen flow. 
TMA 
Thermal Mechanical Analysis (TMA) was carried out using a DuPont 990 
Thennal Analyser. Samples were in the fonn of specimens - S mm long, - S mm 
wide and - 1 mm thick. During the test the specimens were heated, at a constant 
rate of lOoC/min, from room temperature up to ISO°C while a probe detected the 
linear expansion of the samples. The coefficient of linear expansion, in a certain 
range of temperature, was than calculated taking into account the thickness of the 
specimen at room temperature (10) and the slope of the curve, thickness versus 
temperature (dl/dT), according to c = dl . ~ 
the equation: 
dT ID 
DMA 
Dynamic mechanical analysis was carried out using a DMTA (Dynamic 
Mechanical Thermal Analyser) from Polymer Laboratories (UK) model MK Ill. 
The samples were in the form of specimens - 4 cm long, - S mm wide and - I mm 
thick. In these tests a sample clamped at edges was subjected to a sinusoidal flexural 
deformation. A transducer detected the sample response to the applied load and by 
appropriate signal conditioning and data analysis, the instrument's software was 
able to evaluate the viscoelastic properties of the material, namely the storage 
modulus (El), and the dissipation factor (tanll). The tests were performed in the 
scanning temperature mode from room temperature to 200°C, at a constant rate of 
SOC/min and at an oscillating frequency of I Hz. 
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TGA 
Thermogravimetric analysis was employed to evaluate the actual silica 
content and the thermal stability of the hybrid materials produced. A thermo-
balance is an instrument that permits the continuous measurement of a sample's 
weight as the temperature and/or time is changed. Weight losses in our experiments 
were measured with a Mettler TG50 thermo balance operating under air-flow. The 
samples were heated in the range of temperature varying from room temperature to 
750°C, at a constant rate of 20°C/min. 
Solvent absorption tests 
Specimens of the investigated samples were immersed m THF 
(tetrahydrofurane), CH30H (methanol) and DMF (dimethylformamide) in order to 
measure the absorption of solvent in terms weight increase. The weight of the 
samples was measured as a function of time and the weight increase was expressed 
as percentage weight increase. For the scope was used a scale capable to measure up 
to the forth decimal digit. 
TEM 
Transmission electron mlcroscopy, is a powerful tool in speculating the 
morphology of multiphase materials such as nano-composites. The morphological 
structures of the nano-composites were characterised with TEM-IOOCX apparatus 
manufactured by JEOL Ltd. Examinations were made on thin slices microtoned 
from cast films, imbedded in epoxy resin. The preparation of the samples for TEM 
analysis can be very difficult, since ultra-thin sections of the materials has to be cut, 
especially when the materials object of the analysis were as brittle as the epoxy-
silica hybrids are. 
SEM 
Scan electron microscopy was used to characterise the surface morphology 
of the nano-composites. SEM can give some insights into topographic features of a 
fracture surface. The technique exploits a high energy electron beam to excite the 
electrons present on the surface of the analysed specimen. The interaction between 
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the electron beam and the surface generates three signals: back scattered electrons, 
secondary electrons and X-rays. Those signals once properly analysed, give the 
expected image. Non-conductive samples, such as epoxy-silica hybrids, need to be 
gold-coated before the analysis, in order to make conductive the scanned surface. 
The instrument used in our experiments was a Leica Cambridge Instruments 
Ltd. 
Nano-hardness analysis 
A Du-Pont nano-hardness tester was used to test the surface hardness of the 
hybrids. The technique measures the depth of penetration of an indenter which is 
forced on the surface of the specimen under examination with a constant load. The 
same operation can be repeated many times on the surface of the object so that a 
nano-scale map of the hardness of the sample can be traced. 
In our case, the value of the hardness was obtained through the measurement 
of the penetration of a sharp indenter loaded with 80mN into the surface of the 
nano-composite samples. 
LMMS 
The Laser microprobe mass spectroscopy was used to analyse the oxides 
formed during the corrosion tests run on the coated mild steel. This technique 
consists in exciting the material under investigation with a laser beam. The 
interaction of the laser beam with the matter generates some charged and uncharged 
objects which are ejected from the surface. Among these objects ions are those that 
interest to us because they are charged masses and their composition can be 
detected by a mass spectrometer. The experiments were carried out with a LIMA 
(Laser Ionisation Mass Analyser) instrument from Cambridge Mass Spectrometry 
Ltd. 
Visual Examinations 
The compatibility of hybrids was first assessed from a visual inspection of 
the state of the cast films in order to obtain a qualitative idea of the dimensions of 
the phases. Cloudiness and opacity was taken to indicate the presence of 
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heterogeneous structures of the order of - 0.5 f.Ull or larger. The samples were 
spread on glass slides and observed on a black printing background, which 
highlighted the transparency of the casting samples. 
SAXS 
A point-beam Cu X-ray source was utilised for small X-ray scattering 
(SAXS) measurements in conjunction with a GADDS 2D detector from Bruker. 
The scattered beam intensity was reported as function of the variable q which is 
defined as q=2(sin8)/A. [135,177,178). 
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5.5 Description Of Systems Studied 
),> Epoxy Resin 
),> Epoxy Resin + A1170 - (Epoxy resin tipped with Al170 coupling agent) 
),> Epoxy Resin + MPTMS - (Epoxy resin tipped with MPTMS coupling agent) 
),> Epoxy Resin + Y9669 - (Epoxy resin tipped with Y9669 coupling agent) 
),> Epoxy Resin + DBA - (Epoxy resin tipped with DBA di-butyl-amine) 
),> H-A1170-3% SiOz - (hybrid, A1170 coupling agent, 3% of Si~ content) 
),> H-AI170-7.5% Si~ - (hybrid, A1170 coupling agent, 7.5% ofSi~ content) 
),> H-A1170-10% SiOz - (hybrid, A1170 coupling agent, 10% ofSiOz content) 
),> H-A1170-15% SiOz - (hybrid, A1I70 coupling agent, 15% ofSiOz content) 
),> H-MPTMS-7.5% SiOz (hybrid, MPTMS coupling agent, 7.5% ofSiOz content) 
),> H-MPTMS-15% SiOz - (hybrid, MPTMS coupling agent, 15% of SiOz content) 
),> H-MPTMS-30% Si~ - (hybrid, MPTMS coupling agent, 30% of SiOz content) 
),> H-Y9669-7.5% SiOz - (hybrid, Y9669 coupling agent, 7.5% ofSiOz content) 
),> H-ICTES-15% SiOz- (hybrid, ICTES coupling agent, 15% ofSiOz content) 
),> Epoxy Resin + 15% SiOz Pre-Formed - (Epoxy resin added with 15% of 7nrn pre-
formed silica particles) 
),> Epoxy Resin + A1170 + 15% SiOz Pre-Formed - (Epoxy resin tipped with A1I70 
coupling agent and added with 15% of7nm pre-formed silica particles) 
),> Epoxy Resin + MPTMS + 15% Si~ Pre-Formed - (Epoxy resin tipped with MPTMS 
coupling agent and added with 15% of7nm pre-formed silica particles) 
),> Epoxy Resin + HzMo04 - (Epoxy resin added with molybdenum in the form of 
HzMo04 while curing the epoxy resin with the hardener.) 
78 
~ H-A1170-1S% Si~- 6% H2MoO. - (hybrid, A1170 coupling agent 15% of Si02 
content, Mo04 6% wt, molybdenum added in the form of HiMo04 while curing the 
epoxy resin with the hardener.) 
~ H-MPTMS-lS% Si02- 6% HzMoO. - (hybrid, MPTMS coupling agent 15% of Si02 
content, M004 6% wt, molybdenum added in the form of HiMo04 while curing the 
epoxy resin with the hardener.) 
~ H-A1170-1S% SiOz- 3% MoO. - (hybrid, A1170 coupling agent 15% of Si02 content, 
Mo04 3% wt, molybdenum added in the form of [PACM]Mo04 salt while curing the 
epoxy resin with the hardener.) 
~ H-A1170-1S% Si0z- 6% Mo04 - (hybrid, A1l70 coupling agent 15% of Si02 content, 
Mo04 6% wt, molybdenum added in the form of [PACM]Mo04 salt while curing the 
epoxy resin with the hardener.) 
~ H-MPTMS-lS% SiOz- 3% Mo04 - (hybrid, MPTMS coupling agent 15% of Si02 
content, Mo04 3% wt, molybdenum added in the form of [PACM]Mo04 salt while 
curing the epoxy resin with the hardener.) 
~ H-MPTMS-lS% SiOz- 6% MoO. - (hybrid, MPTMS coupling agent 15% of Si02 
content, MoO. 6% wt, molybdenum added in the form of [pACMlMoO. salt while 
curing the epoxy resin with the hardener.) 
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CHAPTER 6: RESULTS 
This chapter is concerned with the main aspects of the research and the 
related experimental results, including their interpretation and evaluation in relation 
to the objectives. 
6.1 COMPATffiILISA TION OF EPOXY-SILICA HYBRIDS 
Compatibility between the silica and the epoxy components of the hybrid is 
required in order to obtain a hybrid material with co-continuous phases. Without 
compatibilisation the components of the organic-inorganic phases end to be 
macroscopically segregated leading to an opaque material. Compatibility can be 
defined, therefore, as the morphological state of the hybrid in which the phases are 
continuous and the dimension of the domains are less than 100 nm. 
6.1.1 Functionalisation of the epoxy resins 
The reactions of the epoxy resins Epikote828 and Epikote I 009 with the 
coupling agents A1170, MPTMS and ICTES were monitored by FTIR analysis. The 
decrease of the absorption peak area of the reacting groups of the coupling agents 
was used as a comparative index for the extent of reaction. The peak area was 
measured at certain stages of the reaction and the reaction yield was calculated as 
function of time. The yields of the reactions was shown in fig.3. 
a) Functionalisation with the amine silane coupling agent Al170 
In Fig.1 are displayed the FTIR spectra of three main set of systems 
respectively: the A 1170 coupling agent, the epoxy resin and their mixture from 
mixing time t. when the two solutions were mixed, to mixing time ~ when the 
reaction was stopped. 
The reaction was carried on at 80 - 90°C. The reaction of the amine groups of 
the coupling agent react with the oxirane groups of the epoxy resin, as indicated by 
80 
the reduction of the intensity of the peak at 2841 cm-! relative to the stretching N-H 
(hydrogen bonded)_ The reaction of the amine-coupling agent, does not reach its 
maximum yield and after 220 minutes the conversion achieved was approximately 
70%_ 
b) Functionalisation with mercapto silane coupling agent MPTMS 
The reaction was carried on at 80 - 90°C, and it was monitored by following 
the disappearance of the S-H stretching vibration peak at 2500 cm-!, due to reaction 
with the oxirane groups of the epoxy resin_ The reaction reached its maximum 
conversion, (approximately 98%), within three hours_ The yield WlS calculated as 
percentage of the reacted groups of the coupling agent, and is shown in fig.3 
c) Functionalisation with isocyanate silane coupling agent feTES 
A similar observation is possible for the reaction of the epoxy resin with the 
ICTES coupling 1gent_ The FTIR data for the progress of the reaction are shown in 
fig.2_ 
The graph shows three main families of curves; the ICTES curing agent, the 
epoxy resin and their mixture, from mixing time tJ when the two solutions were 
mixed, to mixing time t.z when the reaction was stopped_ The reaction between the 
isocyanate groups of the coupling agent with the hydroxyl groups of the epoxy 
resin, carried out at 80 - 90°C, was monitored observing the disappearance of the 
peak at 2250 cm-! relative to the isocyanate (-N=C=O ~ -W=C-Oj stretching 
vibration_ The reaction yield was calculated as percentage of the reacted groups of 
the coupling agent This is shown in fig3_ 
From the data it is possible to deduce that the reaction for the ICTES 
coupling agent is faster than both the reactions with the A1170 and MPTMS 
coupling agents_ The reaction of the isocyanate-type coupling agent reaches 
completion after -45 minutes, whereas the reactions of the of the mercapto-silane 
and arnine-silane coupling agent progress much more slowly. 
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6.1.2 Maturation ofsilica precursor solution 
The "maturation" of the silica precursor solution was followed by measuring 
the gelation time. In the maturation experiment gelation did not take place even 
after 48 hours, at room temperature. On the other hand, rapid gelation, in the region 
of 210 minutes, was observed when the maturation was carried out at the higher 
temperature (80 - 90°C). 
6.1.3 Visual inspection of the hybrid systems before and after curing 
a) System functionalised with A1170 coupling agent 
Before adding the hardener, the hybrids obtained were completely 
transparent apart from the one with 18% Si~ content. The latter became more 
transparent with increasing the amount of A1170 (from 20 to 25% wt, in respect to 
the epoxy goups) used for the compatibilisation of the epoxy resin and became 
completely transparent after adding the hardener. The amount of GOTMS was also 
found to be very important in achieving compatibility, but it was also found to have 
a deleterious effect on the mechanical properties (see section 6.1.5). The hybrids 
having 15%, 18% by weight of (theoretical) silica content, were prepared with 
different amount of GOTMS, and were compared with those having a lower amount 
of silica, so that the compatibility between the organic and the inorganic phases 
would be achieved in all cases. The 18% silica content hybrid was prepared with 
GOTMS I TEOS = 0.45 molar ratio. For the 15% of silica the ratio was GOTMS I 
TEOS = 0.24 and at lower silica contents GOTMS / TEOS = 0.12. 
b) System functionalised with MPTMS coupling agent 
This coupling agent shows a high compatibilisation efficiency. Indeed the 
hybrids obtained using this coupling agent were already completely transparent 
before adding the hardener, and even at high silica content (30%). 
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c) System functionalised with fCTES coupling agent 
With this coupling agent the mixtures were cloudy before adding the 
hardener. Those became quite transparent with increasing the amount of ICTES 
used in the compatibilisation of the epoxy resin, (from 10 to 20%), and after adding 
the hardener. Almost completely transparent hybrids were obtained using longer 
maturation time for the hybrid precursor solution. Reacting the functionalised epoxy 
resin with the alkoxysilane solution for longer times and at higher temperatures 
(from 15 min. at 60 - 70°C to 120 min. at 80 - 90°C) produced transparency, which 
increased even further when the hardener was added. 
6.1.4 Ageing of cured hybrids 
After ageing treatments, (see section 5.2 "curing reaction"), the hybrids were 
characterised using FTIR and DSC analyses, in order to verifY the completion of the 
curing reactions and the formation of a silica network. 
a) Curing reactions 
From FTIR it was found that epoxy groups from the epoxy resin were !till 
present in the nano-composite even after two days curing at room temperature. 
Fig.4 compares two FTIR spectra of the same hybrid, (coupled with A 1170, 
containing 7.5% theoretical SiOz content), but cured under different conditions. 
The spectra relative to the hybrid cured at room temperature, show the 
presence of the characteristic peaks of an epoxy group, i.e., at around 1250 and 915 
cm· l respectively, due to the bending GH and to the asymmetric stretching of the 
C-O-C of the epoxy group. 
In the same diagram is shown also the FTIR spectrum of the same hybrid but 
after a heat treatment. After ageing for 24 hours at 80°C, the spectrum showed the 
complete disappearance of the absorption peaks corresponding to the epoxy groups. 
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6.1.5 Formation of silica network 
a) JR. analysis 
Following the procedures of previous studies [143:· 166, 167, 182], the 
attempt to quantify the presence of a silica network in the nano-composites was 
made. According to these studies, the position of the infrared peak associated to the 
Si-O-Si asymmetric stretching of silica, occupies a wide range of values, ( from 
-1000 to -1200 cm·I), depending on the density of the silica. The lower the density 
of the silica (such as the silica of a sol-gel network), the lower is the wave-number 
associated with the relevant peak. 
For the identification of the Si-O-Si stretching vibration peak, in our sol-gel 
systems, an amount of silica was produced via sol gel using the same silica 
precursors employed in the production of the epoxy-silica hybrids. These silica 
samples were formed in acid environment in order to ensure full hydrolysis of the 
alkoxysilanes. The FTIR spectrum of this system is showed in fig. 5. These clearly 
reveal the presence of a peak at 1077 cm·1 with a shoulder at -1100 cm-I. 
In fig.6a the FTIR spectra for the cured epoxy resin and of two hybrids, 
having the same silica content in the wave-number range 950-1170 cm l are 
compared. One of the two hybrids was made using pre-formed silica particles, 
having an approximate spherical geometry and a diameter of -7 nm. The epoxy resin 
has no absorption peaks in the examined infra-red region, whereas both hybrids 
showed the presence of silica. The hybrid produced with pre-formed silica particles 
showed a distinct Si-O-Si stretching peak at -1108 cm-I, confirming the "dense" 
nature of the silica. The hybrid formed from sol-gel on the other hand shows the 
presence of a broad peak that after subtracting the spectra of the pure epoxy resin 
(fig. 6b), revealed to have the apex around 1070 cm-I, confirming this time the 
existence of a "diffuse" silica network. 
One of the problems that may be encountered when producing silica by the 
sol-gel process, is that the silica precursors may not hydrolyse completely and may 
not lead to the formation of a "true" silica network. Therefore a quantitative 
comparison between the hybrid obtained by the sol-gel method and that produced 
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from pre-formed silica partic les was considered to be essential for a better 
understanding of the inorganic phase. 
The area of the Si-O-Si stretching peaks, in the two cases, made it poss ibl e to 
ca lculate the quanti ty of silica precur ors converted in to Si02 via the sol-gel 
process. This analys is revealed that the amount of Si -O-Si species was 
approxi mately 97% of the total si loxane species present in the organic-inorganic 
network. 
b) TGA Analysis 
The presence of Si02 in the nano-composites was ve rified by TGA 
experiments. F ig. 7 showns the tbermogravim etric curves relative to H-A 11 70 
hybrids wi th different theoretica l Si0.t content, and, are compared with the thermal 
decomposition curve of tbe organic matrix . 
Since the silica network is co-continuous within the orgalll c phase, the 
thermal degradation behaviour of the hybrids is expected to be different from that of 
the pure epoxy resin . Furthermore as the s iloxane network will not be transformed 
into volatile segments the so lid residue obtained will be comparable to tbe 
theoretica l silica content, (ca lculated from the total conversion of all the alkoxydes 
present in the precursor formulation) . 
In fig . 7 it is observed that the solid res idue increased paralle l to the amount 
of theoretica l silica content and they are comparable in magnitude. The small 
discrepancy was attributed to inevitable experimental errors. 
The presence of silica was also considered responsible for the increased 
resistance to the thermal oxidation, as it has already been establi shed by other 
researchers. Indeed, the TGA thermograms show that the onset of the thennal 
oxidation shifts upwards in temperature with the increasing silica content. 
6.1 .6 Effect of hardener content on the organic netwo,'k 
Two different amounts of hardener were examined, one in which the epoxy 
groups would react with N-H group of the hardener at molar ratio of I I I and one 
with a sto ichiometry equal to I :0.75 (i.e. an excess of epoxy groups). 
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a) DMTA analysis 
For the formulations examined, DMTA data in fig . 9 shows that in each case, 
increas ing the quantity of hardener caused a deterioration of mechanica l properties. 
In particular tbe pure epoxy resin shows a 20°C reduction in Tg and a large 
decrease of e lastic modulus. The difference between sampl es cured with different 
hardener content were extensively reduced, however, in the case of the hybrid 
systems the difference almost van ishes at hig h si li ca contents. 
b) Solvelll absorplion 
The results of the solvent absorption studies in THF are showed III fig. 10 
and 11 . The experiments were ca rried out for few hours simply to detect the 
differences between the systems. The system examined were the same as those 
studied by the DMTA. The experiments were meant to illustrate that the higher the 
cross-l inking density of the organic phase, the better the resistance of the network to 
the penetration of solvents. The pure epoxy resin, as we ll as the hybrids examined, 
showed remarkable decreases in the rates of absorption of THF with decreased 
hardener content. These results confinn that the decrease in Tg observed in DMTA 
measurements is associated with a reduction in cross- link ing density of the epoxy 
network. Again, it was observed that the difference between samples with different 
hardener content diminished w ith increasing silica content. 
c) Thermogravimelric analysis 
The thermogram shown in fig. 8 di sp lays the thermal decomposition 
behaviour of the same hybrid l:-l-A 11 70-1 5% Si0 2 cured with different hardener 
contents. The sample cured with the lower amount of hardener seems to be slightl y 
more resistant to the thermal oxidation. 
This could be explained by the tendency to homo -polymerisation when the 
hardener is used in excess. Aga in thi s behaviour is in accordance with the DMT A 
and the swe lling tests results. 
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The data of fig. 8 revea led the formation of higher amollnt of solid residue, 
approximately 1.5%, when less hardener was used. The difference, however, is so 
small that could be due to experimental error. 
6.1. 7 Influence of ,·eaction conditions on the formation of the organic-
inorganic network 
Three main factors determine the level of compatibili ty and influence the 
resulting morphology of the epoxy-si li ca hybrids. The func tiona li sation of the 
epoxy resin with the cOllpling agent, the "maturation" of the silica-precursor 
so lution, before mixing with the epoxy resin and the "maturation" of then hybrid 
precursor so lution before casting. The effects of such factors are illustrated in the 
fo llowing sections. 
a) DMTA analysis 
Dynamic-mechanica l tests were performed on some H-A 11 70- 15% SiOz 
hybrids prepared under different reaction conditions for the coupling agent reaction 
with the epoxy resin and the 'fn aturat ion" reaction times for the silica-precursor 
so lution. The resu lts obtained from the comparison of the tana curves for the 
samples produced with different reaction conditions are shown in fig . 12. The 
comparison of the sample H-A 1170-1 5% S iOz - (a) (short coupling agent reaction 
with the epoxy res in and short "maturation" reaction times for the s ilica-precursor 
so lution, see section 5.2 for detail s) ,with the samples H-A 11 70- 15% SiOz - (b), H-
A 11 70-15% SiOz - (c) and H-A 11 70-15% SiOz - (d), shows that increasing the yield 
of the flLnctiona li sation reaction (condition b) and ex tend ing the maturation of the 
silica precursor solution (condition c) or increasing both (condition d) brought about 
a reduct ion of the T g of the hybrid. 
The maturation of the hybrid precursor solution was found to be particularly 
important for the production of H-I CTES hybrids. This variable was investigated 
further because the hybrid precursor solutions of the JI-ICTES hybrids were never 
fully transparent, which indicated that they were not fi.lily miscible with the epoxy 
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resin. This step in the preparation of the hybrids was important because increas ing 
the level of maturation of the hybrid precursor solution may have allowed 
condensation reactions between the organic and tbe inorgani c components to take 
place to a higher extent. This process is, therefore, expected to create higher 
compatibi li ty together with a higher cross-l inking density. The plots in fig . 13 and 
14 show that in this case, (i .e. where the miscibilisation between the organic and the 
inorganic phases was not immediate), increasing the manlration lime of the hybrid 
precursor solution (condition b) produced an increase in the modulus in the rubbery 
plateau and a small increase in Tg. Visual inspection revealed also better 
compatibility between the phases, as indicated by the higher transparency. 
b) Solvenl absorplion behaviour 
To better understand the transformations involved III the reactions of 
maturation of the hybrid solution, some solvent absorption tests were conducted 
using H-A 11 70 and H-ICTES type of hybrids immersed in THF. The results arc 
shown in fig. 15 and 16. The lower Tg exhibited by the H-AI170-15% Si02-(b), H-
A 1170-15% Si~-(c)and H-A 1170-15% SiOr(d) hybrids, compared to the H-
A 11 70- 15% Si~-(a) hybrid cannot be expected because of a lower cross- linking 
density of the organic network, otherwise it would not be possible to explain the 
swelling behaviour shown by these samples. Indeed, even though both the total 
solvent absorption and the difference in weight increase for the samples is very 
small , the sample that exhibits a higher Tg (H-A 11 70- 15% Si02 - (a)) showed also a 
higher level of solvent uptake. The better resistance to swell ing has to be attributed 
therefore to denser inorganic phase. 
Some TI-IF absorption tests were also conducted on the l-l-ICTES-IS %-Si02 
hybrids. The absorption of the solvent by the H-ICTES-lS%-Si02 hybrids, 
(produced with a longer manlralion of the hybrid precursor solution), occurred at a 
lower rate than the equiva lent systems produced with a shorter maturation time of 
the hybrid precursor solution. The results showed in fig . 16, are in accordance with 
the hypothesis of a denser inorganic phase. 
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c) Therrnogravimetric analysis 
Because the maturation step In the preparation of the H-ICTES hybrids 
allowed further condensation reactions between the organic and the inorganic 
components, it was expected that th is fac tor had also a strong influence on the 
thermal degradation behaviour of the hybrid. 
The TGA curves for the H-ICTES-I S% Si0 2-(a) and the H-JCTES-I S% 
Si~-(b) hybrids are shown in fig. 17. The effect of increasing the length of 
maturation time of the hybrid solution seemed to result in an increase in the amount 
of Si-O-Si formed during the condensation reactions. Indeed the res idual silica 
content, after decomposition, increased with increasing the maturation of the hybrid 
precursor solution. Although the described effect (fig. 17) was not very pronounced 
the ca lculation of the residual silica content gave an insight into the effect of thi s 
treatment on the behaviour of the final hybrid. The hybrid produced from a longer 
maturation of the hybrid precursor so lution, I·JICTES- I S%-Si~- (b), after thermal 
decomposition produced a -7% discrepancy in weight with respect to theoretical 
silica content. For the hybrid produced with a shorter maturation time of the 
precursor solution, (H-fCTES-IS% Si02-(a», the di screpancy was about -30%. 
These results are clear evidence that, in the case o f the H-ICTES hybrids, the 
misc ibili ty of the organi c and inorganic components is low and required a long 
maturation of the hybrid precursor so lution to enhance their compatibility. 
Nevertheless even with long maturation periods there was sti 11 substantial 
unacceptable loss of silica in the residue. 
Such di screpancy in the sili ca content was not found, however, when 
changing the maturation time for of the hybrid precursor solution, in the case of the 
H-A 1170-15% S i~ hybrids (end-chain functionali sation). lndeed this fa mily of 
hybrids displayed a high level of misc ibility between the phases from the very 
beginning of the maturation reaction. TGA degradation curves of the hybrids H-
A I170-IS% Si02-(a), H-AI 170-1 5% S i~-(b) and H-AI 170- 15% Si~- (d) 
demonstrate thi s very clearly in fig. 18. 
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d) Transmission electron microscope examinations 
Since the ex tent of maturation of the hybrid so lution affected the network 
density of the inorganic phase, this was also expected to exert a strong influence on 
the morphology of the fina l hybrids. The TEM micrographs for hybrids H-ICfES-
15%-SiOria) and l-I-ICfES- 15%-Si0 2-(b) , shown in fi g. 19 and 20 indicate that a 
more prolonged maturation of the hybrid precursor solution created a finer 
morpbology. In the case of the H-ICfES- 15%-Si02-20-b hybrid, indeed, the s ilica 
aggregates appear smaller and more diffused fig . 19, as compared to the H-ICfES-
15%-SiOr 20-a hybrid, fig . 20, which shows particulate domains of si lica 
aggregates. 
H-A 11 70 hybrids, on the other hand, show very fine co-continuous domains 
even for short maturation times, fig. 40. 
6.1.8 Effect of GOTMS content and use of DBTDL catalys t on the 
characteristics of the organic-inorganic network 
GOTMS and DBTDL both affect, in differenl ways, the structure of the 
inorganic phase in the hybrid. The si lane coupling agent (GOTMS) acted primarily 
as a structure modifier, while the dibutyl-tin-dilaurate (DBTDL) as an acce lerator 
for the condensation reactions. Since the organic and the inorganic networks grow 
simultaneous ly if the structure of the inorganic phase was affected by GOTMS and 
the use of DBTDL then the growth of the organic network wi ll inevitably also be 
affected. 
a) DMTA analysis 
Although GOTMS acted as a compatibiliser fo r the components of the 
epoxy-silica hybrids, owing to tbe presence of epoxy and alkoxysilane groups, the 
condensation reactions of the latter groups with the TEOS will introduce alipbatic 
segments within the si lica network and wi ll produce therefore less dense silica 
phase . 
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- fig. 19 TEM micrograph of ~/CTES hybrid (long lIIatl/ration of the precursor soll/tioll) . 
Magnification: 5K. 
- fig. 20 TEM micrograph of ~/CTES hybrid (short matl/ration of the precl/rsor SOllltioll) . 
Magnification: 5K. 
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The effect of the GOTMS content on the two networks was observed in the 
initial stages of the work when comparing the resu lts of the dynamic-mechanical 
tests fo r H-A I 170 hybrids. The mechanica l spectra for these materi als are shown in 
fig . 2 1. 
The ma In effect that can be noted in comparIng the tan/) curves is the 
progress ive inc rease in Tg and the reduction of ta n/) intensity with the increas ing 
silica content. The trend continued consistently up to the hybrid H- A 11 70- 15% 
Si0 2 . Increasing fu rther the silica content, hybrid H-A 11 70-1 8% Si02, the Tg 
decrea ed. The explanation must be found in the fac t that, bes ides a higher s ilica 
content, thi s hybrid fo rmulation had also double the amount of GOTMS compared 
to the H-A 1170- 15% Si0 2 hybrid and fo ur times the amount used in the other 
hybrids (6% and 7.5% S i~). 
The significant amount of GOTMS introduced in the formul ation of the H· 
A 1170-1 8% S i~ hybrid, increased substantia lly the content of fl exible al iphatic 
segments entering the organic network. 
T he effect of the DBTDL on the condensation rate of the alkoxysilanes was 
fi rst seen comparing the results of the dynamic-mechanica l tests fo r H-A 11 70 
hybrids. The mechanical spectra for these are shown in fig. 22 and 23. 
In examin ing the dynamic-mechanical results it is noted that when the 
DBTDL was used, there was a decrease in tbe glass transition temperanlre and an 
increase in the plateau value of the storage modulus. 
The acce leration of the conde n ation reactions In the inorganic phase 
reduced the mobility of the chains in the surrounding organic phase. 
The preparation of hybrids functionalised with MPTMS coupling agent 
brought about a high level of compatibili ty between tbe organic and the inorga nic 
phases . With thi s functionalisation it was possible to produce bybrids without the 
use of GOT MS in the alkoxysilane system. 
The dynamic-mechanica l spectra for MPTMS fi.mctionalised systems 
prepared with and without DBTDL and GOTMS, are shown in fi g. 24 and 25. 
[n examining the dynamic-mechanica l spectra, it is noted that remov ing both 
GOTMS and DBTDL from the hybrid precursor solution caused three main 
changes: a) an increase of the glass transition temperanlre, b) an increase in the 
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storage modu lus and c) a small decrease in the tanO peak intensity. Removing the 
DBTDL resulted in a higher cross- link ing density in the organic pha e and the 
formation of a less dense inorganic phase. On the other hand, removing the 
GOTMS increased the inorganic character of the si lica phase, counteracting the 
effects of a less condensed inorganic network caused by the absence of the ca talyst 
(DBTDL) for the condensa tion reactions. 
b) So lvent absorption behaviour 
If the interpretation of the DMT A data is correct, there should be support for 
the hypothes is about the networks from the solvent absorption tests. 
The solvent absorption data for H-A 11 70- 15% Si02 and H-A 11 70- 18% Si0 2 
hybrids are shown in fig . 26. The two hybrids differ, as already stated earl ier, wi th 
respect to the GOTM S content. The solvent uptake trends observed in fig. 26 show 
that tbe more GOTMS was used in the fo rmulation the greater wa the s:>lvent 
uptake of the hybrid because of the lower density of the inorganic phase which 
allowed it to expand with the swell ing of the organic network. 
The solvent absorption data for two H- A 11 70-1 5% Si02 hybrids are shown 
in fi g. 27. The two hybrids differ, thi s time, witb respect to the use of the DBTDL. 
These sbow that the use of DBTDL in the fo rmulation of the hybrid reduced the 
solvent absorption as a result of the denser inorganic phase. 
The solvent absorption data fo r the H-MPTMS-15% Si0 2 system and the 
corresponding H-MPTMS-1 5% Si02 without DBTDL and without GOTMS are 
shown in fig. 28. The use of DBTDL together with the presence of GOTMS in the 
fo rmulation of the hybrid approx.imately balanced their individual effect, even 
though the dominant effect resulted from the condensation catalyst. The absence of 
botb components decreased tbe solvent absorption res istance to some extent. 
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6.1.9 The effect of the alkoxysilane functionality and the chemical nature 
of the coupling agent 
Three different coupling <gents were evaluated for the compatibilisation of 
the epoxy resin with the inorganic oxide phase, these were respectively: A 11 70 
(amine-type), MPTMS (mercapto-type) and ICTES (isocyanate-type). Their 
chemical structures are shown in section 5.1 (Materials) . 
Because of the different nature of the reactive groups and the number of 
silanol fimctional groups in the three coupling agents, they provided a different type 
of fimctionali sation in the epoxy resin end-chain or middle-chain fimctionali sation 
as well as mono- and bi- fimctionality with respect to the alkoxysi lane groups. 
a) DMTA Analysis 
The ICTES (isocyanate-type) coupling agent did not react with the 
Epikote828, because of the absence of an appreciable amount of OH groups in the 
molecule of thi s res in, hence the linkages with the inorganic phase will only be 
formed via the secondary component Epikote I 009 . 
The effect of the functiona lisation position, (i.e. end-chain or middle-chain 
functionalisation) (see section 5.2), on the formation of the organic-inorganic 
network can be identified by comparing the results of the dynamic-mechanical tests 
for H-MPTMS and H-A 11 70 hybrids and with those of the H-ICTES hybrids. The 
graphs relative to these experiments are shown in fig . 29 and 30. 
A comparison of the mechanical spectra of these systems reveals large 
di fferences between the two families of hybrids (i .e. end-chain or middle-chain 
functionalisation). Whereas the g lass transition temperature remains almost 
unchanged for a ll the samples, the range of va lues fo r tan ./) and modulus for the two 
families of nano-composites were very different. 80th the high tan./) peak and the 
low elastic modulus values of the 1-I-ICfES-15%Si02 hybrids indicate that the 
network morphologies wee very different, because of the presence of a large 
fraction of Epikote828 that has not reacted with the coupling agent (note: the silica 
content being the same in all cases). 
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The DMTA results in fig. 29 and 30 reveald also other important effects. 
One large di ffe rence is noted within the same family of end-chain coupling agents, 
A 11 70 (amine-type) and MPTMS (mercapto-type). That is, wh ile both display a 
high level of compatibi li ty, the system based on A 11 70 coupling agent, which had 
a bi-alkoxysilane functionality and a basic character, produced much lower tanS 
values which can be attributed to a denser inorganic network. 
Ln order to distinguish the effects of the bi -aLkoxysilane functionality from 
the basic character of the coupl ing agent, other experiments were carried by reacting 
the epoxy resin with dibuty lamine (DBA) and Y9669 (i.e. amine-type coupling 
agent with a mono-alkoxy functionality), both compounds with basic character. 
The DBA modified the epoxy resin in the same way as the coupling agent 
A 11 70 (i.e. amine-type and bi -aLkoxy functional) but lacking an alkoxy 
functi ona lites. 
The results of the dynamic-mechanical tests obtained on the pure epoxy resin 
and epoxy resin grafted with DBA are shown in Fig. 3 1. 
The comparison between the tanS curves indicated that increasing the 
basicity of the system leaded to higher Tg and lower tanS intensities in the rubbery 
state. Basic environment is known to accelerate the curing reactions in epoxy resins, 
therefore, the effects observed can be explained on the basis of the basicity of the 
system. 
The dynamic-mechanical data obtained for the epoxy resin grafted with DBA 
and epoxy resin grafted with A 1170 are shown in Fig. 32. The comparison between 
the two tanS curves shows that the presence of the si lanol groups decreased the peak 
intensity cf the tanS even further than what was observed using the simple amine 
(DBA). The trend for higher tanS va lues at the glass transition and in the rubbery 
state is attributed to the internal plasticisation caused by the branches in the epoxy 
network. 
Y9669 (i .e. amine-type and mono-alkoxy functional coupling agent) had a 
basic character and a single tri-alkoxysilane functionality , therefore, by comparing 
the results of this system with those prepared with MPTMS (i.e. mercapto-type and 
mono-alkoxy functional coupling agent), more informations could be obtainrd about 
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the effect of the basic envi ronment. Comparing the dynamic-mechanical data of the 
hybrids produced with the Y9669 coupling agent, with those prepared with the 
A 1170 coupling agent, provided informat ion about the effect of the bi-s iloxane 
function ali ty on the properties of the hybrids. 
The dynamic-mechanical data are displayed III Fig. 33 and 34. The H-
Y9669-7.5%Si~ system showed a higher Tg and lower tanO peak than the 
equivalent H-MPTMS-7.5%Si02 hybrid. The two coupling agents used fo r the 
functionali sation of the hybrids differed only in respect to their basicity character, 
which had an effect on cross-linking the organ ic component. Note that the H-
A 11 70-7 .5%Si02 hybrid, while displaying the same Tg, showed a lower tanO 
intensity in comparison to the H-Y9669-7 .5%Si02 hybrid. [n other words the same 
loca li sation of the siloxane groups but in greater concentration, produced greater 
constraints in the movements within the orgallic network by the inorgani c phase. 
6.1.10 Effect of silica content on properties of hybrids 
a) DMTA analysis 
Hybrids produced with A 11 70 and MPTMS coupling agents were examined 
in respect to the effect of the si li ca content. The reference points in thi s analysis are 
both the pure epoxy res in and the si lane functionali sed epoxy resi n without Si02. 
The dynamic-mechanical data of the nano-composites for different amounts 
of silica are di splayed in fig . 35, 36, 37 and 38. 
An important observation that can be made for the tanO curve s, is the 
broadening of the peaks with increasing the silica content and a depression of the 
mechanical losses in the rubbery state. The condensation of the alkoxysi lane grafts 
on the epoxy resin backbone with the alkoxys ilane of the silica phase precursor 
suppressed the internal plasti cisation effect, resulting al so in a small increase in Tg. 
The genera lly lower Tg values of the hybrids made with MPTMS, is due to the lack 
of basic cata lysis effect on the cross- linking of the epoxy resin. 
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Due to high level of interaction of the two phases, the restrictions imposed on 
the fl ex ible chains of the organic polymer were also expected to b ecome more 
accentuated, with the increasing of the silica content. This explains the sharp 
decrease of tan8 intensity when the s li ca content reached a certain level, which 
was 15% in the case of the A I 170 based hybrids and 30% in the case of the 
MPTM S based hybrids. The peak broadening effect indicates that the movements 
constraints are progressively ex tended to more and more molecules , perhaps 
involving diffused interphases. 
Such interpretations are confirmed In tbe analysis of the storage modulus 
curves presented in fig 37 and 38. 
It is noted that tbe n1bbery plateau modulus increased with the Si02 content 
for both fam ili es of hybrids: t1-MPTMS and J-1-A 11 70, but to a different extent and 
in different ways. MPTMS based bybrids displayed a large increase in the plateau 
storage modulus only for si lica contents above 15%. H-A I 170 based hybrids, on the 
other hand, displayed a substantial increase in plateau modulus even at low silica 
contents. Increasing the silica content produces a broadening of the glass transition 
towards higher temperatures. 
b) r EM examinations 
Tbe morphology of the silica network was investigated by transmission 
electron microscopy. Pure epoxy resin and A 11 70 based hybrids with a silica 
content ranging from 6 to 15% of silica conteot were used in ti1i s analysis. TEM 
micrographs are shown in fig . 39 and 40. The hybrids with lower amount of silica, 
3% and 7.5%, do not appear to possess a two-phase morphology, whereas fine 
interpenetrating phases of the organic- inorganic bybrid were visible at the higher 
Si~ cootents. This observation can be explained in tenns of density of the 
inorganic phase relative to that of the organic phase. 
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- fig. 39 TEM micrograph of H-A J J 70 hybrid containing 7.5% SiOz. Magnification: 50K. 
- fig. 40 TEM micrograph of H-A J J 70 hybrid containing J 5% SiOz. Magnification: 50K. 
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6.2 EFFECTS OF THE ADDITION OF MOLYBDATE IONS 
6.2.1 Effcct of molybdcllum sources 
The mai n source of molybdenum ions considered in this study was molybdic 
acid . This molybdenum ox ide source was exploited either directl y or often reacting 
with the curing agent to produce a molybdate all. 
[n the study it was found that molybdate Ions, added to the alkoxysilane 
solution (sol-ge l) for the formati on of the hybrids, act as a ge lation catalyst when 
added directly as molybdic acid. 
When the rrul ybdate ions source is in the form of the sa lt formed with the 
hardener, the system behaved in a completely different manner. Such an adduct 
prevented both the molybdate ions and the hardener of the epoxy resin from 
reacting with other compounds. When added to the epoxy res in , the sa lt did not 
dissociate and therefore the curing reactions did not take place. On ly when the silica 
precursor so lution was added to the system, the conditions for the di ssociation of 
the adduct were created and the reactions in iDth phases could take place. This 
second step of the process produced the slow release of the hardener and molybdate 
ions which brought about a slower formation of the hybrid. 
a) TGA analysis 
A thermogravimetric analysis of H-A 11 70 hybrids containing molybdate 
ions, was carried out to elucidate the effects of the modified inorganic network. 
Molybdate ions are known to catalyse the thermal degradation of polymers 
(169] so they are also expected to influence the thermal decomposition of epoxy 
re ins. The thermal decomposition curves, shown in fig. 41 , compare the behaviour 
of H-A 11 70-15% Si02 hybrid with tbat of H-A 11 70- 15% Si~-6% H2MoO. 
(molybdic acid) and H-A 11 70-1 5% Si02-6% MoO. (hardener adduct). 
As expected the presence of molybdenum increased the fina l so lid res idue, 
after decomposition, in amounts directly proportionally to the molybdate content . 
At the same time the molybdate reduced appreciab ly the onset of the decomposition 
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temperature (from 400 to 300-350 0c) and accelerated the subsequent degradation 
steps. 
It is noted also that the decomposition started at lower temperatures when the 
hybrid was prepared using molybdemun added as a hardener-molybdate sa lt. 
6.2.2 Probing the inorganic character of the siloxane phase 
In certa in conditions molybdate ions and s ilanols could condense together, 
giving rise to mixed silica molybdenum ox ides. Such compounds are even known to 
exist naturally [1 70]. Such kind of modification was expected to change the 
chancter of the inorganic network of the hybrid and tJ have brought substantial 
changes also in the chemical and mechanical properties of the systems. 
a) F T/I? spectroscopy 
Condensation reactions between molybdate ions and the s ilanols are poss ible 
onl y if there are strong interactions between molybdate ions and silanols. FTIR 
spectroscopy was used to veri fy the possibility of formation of Si-O-Mo bonds. 
Comparing the spectra of a silica so l-gel p repared with and without the molybdate 
ions and using the data available in the scientific literature, it was possible to found 
evidence of such reactions. lR spectra of pure silica produced by sol-gel process and 
sili ca-molybdate ions mixed oxides, also produced from sol-gel, are in fig. 42 and 
43. 
From the data in the literature [1 67, 17 1] the absorption peaks relative to the 
Si-O-Mo stretching vibrations, were identified at -1140 - 939 cm· l . The evidence 
fo r the formation of covalent Si-O-Mo bonds in the hybrids produced is confirmed 
frol11 the spectrum in fi g. 43 . 
b) DMTA analysis 
Dynamic-mechanica l tests were pe rformed on H-A 11 70 and H-MPTMS 
hybrids, containing molybdate ions, and were compared with the correspond ing 
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hybrids without adding molybdate IOns. In fig. 44 and 45 are displayed the tano 
curves from these experiments. 
The data show that when 6% of molybdate ions were added into the hybrid, 
the glass trans ition temperature increased by approx imately 30 - 35 QC, whereas the 
tano peak intensity decreased. This trend was detectable irrespective of whether the 
molybdenum had been added as molybdic-acid or as the hardener-molybdate sa lt. 
The reduction of the tgo peak was accentuated in the case of A I 170 based hybrids. 
The elastic modulus curves for H-MPTMS-1 5% Si02 and H-A II 70- 15% 
Si0 2 hybrids, with and without molybdenum, are shown below in fig. 47 and 48. 
The chta show that increasing the molybdate content increases the plateau va lue of 
the elasti c modulus especially for the A I 170 based hybrids. 
Another feature that emerges from these graphs is that, especially for H 
A 11 70 hybrids, the molybdate added as hardene r-molybdate sa lt was more effecti ve 
than when added as free molybdic acid, in increasing in elasti c modulus the rubbery 
plateau region and reducing the tano peak intensity. 
c) Nano-hardness tests 
Nano-hardness tests measure the res istance of a so lid to the penetration of an 
indenter. Th is is related to the surface hardness. The data in fig. 49 shows the 
penetration of a sharp indenter, at a constant load of 80 mN, for va rious types of 
hybrids tested [1 84, 185). 
As it may be expected, from the results of the DMT A tests, the hardness of 
the hybrids increased with the increasing silica content, (i.e. the depth of penetration 
is inversely proportional to the hardness). Moreover the increase in hardness 
obta ined by doubling the silica content (i.e. from 15% to 30%) was less than that 
obtained by adding just 6% of molybdate ions to a 15% of silica system. This 
demonstrates aga in that the molybdate ions have a strong effect on the compactness 
and therefore on the inorganic character of the network . 
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d) Solvent absorption tests 
The solvent absorption tests in THF and methanol provide tangible evidence 
of the compactness of the hybrid structures and the effect of the molybdate ions. 
The data on solvent absorption are shown in fig. 50, 5 1, 52 and 53. These 
express the solvent absorption resistance in terms of weight percent increase as 
fu nction of immersion time. 
A strong influence of the molybdate ions on the inorganic character of the 
hybrid network, is again evidenced from the graphs. 
For both hybrids H-A 11 70-15% Si~ and H-MPTMS-15% Si02 tbe 
absorption tendency in THF decreased considerably when 3% or 6% of molybdate 
ions was added to the formulation. A larger effect was recorded for the MPTMS 
(mercapto-type) based hybrids. The THF absorpt ion rate, and the total amount 
absorbed, decreased dramatically when to these hybrids was introduced 6% of 
molybdate ions. The addition of 3% of molybdate ions, however, did not have an 
appreciable effect on solvent absorption for both systems. Furthermore tbe effect on 
solvent absorption was very marginal when the molybdate ions were introduced as 
molybdic acid , fig . 52. 
The data in fig . 54 show that, independent of the type of hybrid (H-A I 170 or 
H-MPTMS) or whether GOTMS or DBTDL were used in the fomlulation , a much 
stronger resistance to solvent absorption was always obta ined when molybdate ions 
were introduced in tbe network, from a hardener sal t source. From these graphs it 
emerged also that the molybdate ions bave an effect only when the silica was also 
pa lt of the composition (see fig . 54). The presence of molybdate ions alone did not 
have any effect on the organic network. 
This is further evidence that some very strong interactions exist between 
silicates and molybdate ions within the inorganic phase. If it is assumed that the 
inorganic network constraints the organic phase from swelling, by preventing 
molecular movements, it can be expected that in a so lvent the denser tbe inorganic 
network, the less the movements of the molecules on the contiguous organic pbase. 
Since for the so lvent to penetrate voids or additional free volumes must be created 
and since the creation of voids involves molecular motion, the more the organic 
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molecules are impeded from moving the slower will be the so lvent penetration . 
Because the 15% Si02 + 6% MoO. wa ab le to reduce the solvent absorption more 
than the corresponding 30% of Si02 system, it can be inferred that molybdate ions 
have enhanced the inorganic character of the network, meaning that the inorganic 
network was now more rigid and reduced even further the movements of the entire 
hybrid network. 
When the so lvent employed was methanol , the effect of molybdate ions, in 
terms of so lvent absorption rate, appeared to be very small (fig 53). It must be 
noted, however, that the amount of methanol absorbed in the hybrids is much 
smaller than the THF (i.e . 1I % in stead of 25% rate of absorption). This means that 
the molybdate ions, and therefore the rigidity of the inorganic phase, plays an 
important role only at high volumetric expansions. 
6.2.3 Effects of molybdenum content on the inorganic character of the 
siloxane phase 
The results obtained so far showed that the controlling factor of the inorganic 
character of the inorganic network was the strong interaction between silicates and 
molybdate ions. The evidence came from dle fact that small quantities of molybdate 
ions were sufficient to produce a substantial effects on the compactness of the 
network in relation to that observed with large amounts of silica. Therefore the 
quantity of added molybdenum was varied, to determine the limits of these 
densification effects. 
a) DMTA analysis 
H-MPTMS- 15% Si02 and I-~A11 70 -1 5% Si02 hybrids were both prepared 
with addition of 3% 6% and 9% of molybdate (as MoO;2 equivalents). Dynamic-
mechanical spectra are shown ill fig. 55, 56, 57 and 58. 
Fig. 55 and 57, display the tano and elastic modulus curves of the H-AI170-
15% Si02 hybrids containing 0%, 3%, 6% and 9% molybdate. It can be observed 
that a large effect on the mechanica I characteri sti cs was obtained \Mth the addition 
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of 3% molybdate ions. Even by doubling the molybdate ions content from 3 to 6% 
and then increasing it from 6 to 9% the trends and the acnlal values for modulus, Tg 
and height oftano peak remain approximately unchanged. 
Fig. 56 and 58, di splay the tanO and elasti c modulus curves for the H-
MPTMS-15% S i02 hybrids with 0%, 3% and 6% molybdate. Ttlis family of hybrids 
showed a simi lar effect on the mechanical characteristics, (i.e . very large increase) 
at 3% molybdate. In tills case, however, when the molybdate io ns content is 
increased up to 6% the mechanical properties increased further, following the same 
trend as that when larger amounts of silica are added. That is to say that the addition 
of more molybdate gave higher elastic modulus and IO'M:r tano peaks, while the 
glass transition temperanlre remains approximate ly constant. 
These observations suggest that only small amounts of molybdate ions take 
part into the silica network, while the remaining, was simply dispersed in other 
forms . (See section 6.3). 
b) So lvent absorption tests 
H-MPTMS-15% Si02 and H-A 11 70 - 15% Si02 hybrids prepared with the 
addition of 0%, 3% and 6% of molybdate were used for THF solvent absorption 
tests. The data shown in fi g. 50, and 51 compare the absorption behaviour of these 
hybrids in THF for different concentrations of added molybdate. The graphs display 
the solvent resistance in terms of weight percentage increase versus the time of 
immersion in the solvent (i. e. same as before). 
The results from the solvent absorption tests revealed clearly the 
concentration effect of the molybdate ions. These tests, indeed, make it possib le to 
establish the difference existing between hybrids prepared with the different 
molybdate concentrations. 
Fig. 50 displays the solvent absorption behaviour of ]-l·A 11 70-15% Si02 
hybrid compared with the equivalent hybrid with 3%, and 6% of molybdate ions. 
The trends of the absorption curves indicate that, increasing the molybdate content 
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brings about a reduction In absorption rate but not III the equilibrium amount of 
absorbed solvent. 
F ig. 51 illustrates the solvent absorption behaviour of the H-MPTMS- 15% 
Si02 hybrid , in thi s case compared with the same hybrid to which was added 3% 
and 6% molybdate. The trend of the abso rption curves indicate that increasing the 
molybdate content produced a substantia l reduction of the absorption rate and also a 
reduction of the total amount absorbed . 
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6.3 CONTROLLING THE RELEASE OF MOLYBDATE ANlONS 
AND CORROSION INHIBITION TESTS 
6.3.1 Introduction 
For corrOSion inhibition purpose it was ex plored the poss ibility of a 
controlled release of molybdate ion from the hybrids. The corrosion protection 
ability of the hybrid is expected to depend, also on the rate at whicb the molybdate 
ions leach out from the coating as we ll as on the total amount extractable. 
The study of the diffusion of molybdate ions from the bybrids involved an 
examination of several variables such as : molybdate content, molybdate source, 
sample tbickness and electro lytes in the water environment. 
6.3.2 Controlled release of molybdate ions 
The process of diffusion of molybdate ions, from the hybrids, can be 
accelerated by increasing the temperature above room temperature. In this case the 
extTaction was performed in water at 65°C (below the glass transition temperature) . 
The concentration of molybdate ions (M004•2) in water was measured with tbe 
plasma spectroscopy analys is (see section 5.4) and reported as function of 
immersion time in water. 
a) Effect of dispersing molybdate ions in the epoxy resin 
The epoxy resin component of the bybrid was mixed with 6% (wt) H2Mo04 
and the release of molybdate ions was tested and compared with the hybrid H-
A 11 70- I 5% Si02-6% Mo04 . The diffusion of molybdate ions from the two 
materials is shown in fig. 123. Tbe plots show that the diffusion process of the 
molybdate iOlls proceeds much fas ter and to a higher ex tent in tbe epoxy matrix 
than in the hybrid. The diffusion coefficient of the processes was calculated from 
an analysis of the Fickian treatment [C/CCq= AD I\\(t/x2)"2)], [1 76] of tbe data (see 
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tabl e I), where c;,q is tbe concentration at equilibrium, A IS a constant D is the 
coeffic ient of di ffusion and x is the tLlickness of the samples. 
Table 1 Diffusion coefficients for the diffusion of the molybdate from epoxy resin and epoxy ·s ili ca· 
molybdenum hybrids in water at 65°C. 
Time to reach Total Diffusion 
equilibrium extracted coefficient 
(days) MoO.-2 (10-7 m2 S-') 
(%) 
Epoxy resin + < I 35 .2±O.5 10±1 
6%MoO. 
H-AJl70-1S%SiO, + >3 5. I±O.5 8±1 
6%MoO. 
The data of table I indicate that in both cases some of the molybdate species 
remain trapped with in the network. However, the amount of extracted molybdate 
ions from the pure epoxy resin is seven times larger than that extracted from the 
hybrid. 
b) Effect a/molybdate contenl 
The samples examined for the study of the effect of molybdenum content 
we re H-A 11 70-1 5% Si0 2 and H-MPTMS-1 5% Si0 2 hybrids, both containing 3% 
and 6% molybdate. 
Fig. 59 and fig. 60 di splay respecti ve ly the kineti c of diffusion of molybdate 
Ions, extracted from these hybrids. For both family of hybrids, and at each 
molybdenum concentration , the extracti on process reached an equilibrium after 
approximately three days of immersion. It was also observed that both family of 
hybri ds H-A II 70 and H-MPTMS reached a different equili brium va lue depending 
on the molybdenum content. The hybrids prepared with lower molybdenum content 
reached a higher percentage of extracted molybdate ions. However, for both family 
of hybrids H-A 11 70 and H-MPTMS, tbe equilibrium level reached was 
approx imately the same. 
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The amount of extracted molybdate Ions at the equilibrium are shown In 
table 2: 
Table 2 Released molybdate ions after approximately 90 hours of immersion in water at 65°C. 
\:i -A 1170 - 6% MoO 4 
J-T-AlI70 - 3% Mo0 4 
H-MPTMS - 6%Mo04 
H-MPTMS - 3 % Mo04 
*Re leased 
M004-2 (%) 
5.1±0 .5 
7.2iO .5 
5.liO.S 
7.0iO .5 
(*)Thc values arc relati ve to the total quant ity added 10 the specific hybrid . 
Irrespective of the type of coupling agent the amou nt of MoO. extracted depends on 
the initial concentration. The amount ex tracted is small and is higher at lower initial 
concentration. The data of the diffusion process, shown in fig. 59 and fig. 60, are 
also presented in terms Fick 's law of diffilsion. 
[n fig . 61 are shown the kinetics of diffusion of molybdate ions, relative to 
the extraction from \-I-A 11 70 and I-I-MPTMS hybrids, expressed in terms of Fick 's 
law of diffusion. The graphs clearly show two main sets of curves, each one 
characterised by the same diffusion coefficient. The curves relati ve to the H-
MPTMS hybrids disp lay a diffusion coefficient higher than that calculated for the 
H-A 11 70 hybrids. 
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The calculated diffusion coeffi cients of the molybdate ions are shown in table 3: 
Table 3 Diffusion coefficients for the diffusion of the molybdate from epoxy -silica-molybdenum 
hybrids in water al 65°C. 
H- AI1 70 - 6%Mo0 4 
H- AI170 - 3% Mo0 4 
H - MPTMS - 6% Mo04 
H- MPTMS - 3% Mo04 
Di ffusion coeffic ient ot 
MoO/ (10-7 m 2 S-I ) 
8±1 
8±1 
15± 1 
15± 1 
These results show tbat in addition to a concentration effect there is also a 
coupLing agent effect on the rate of di ffusion of the molybdate ions. Previous results 
(see section 6. 2) have revealed a di stinct di ffe rence between the two families of 
coup l ing agents : MPTMS and A 11 70. 
c) Effect a/molybdate source 
In thi s study the effect of molybdate source on the diffusio n of the molybdate 
ions from the samples in water extraction tests was examined. The hybrids used 
were H-MPTMS-1 5% SiOz -6 % Ii1MoO. and H-MPTM S-1 5% SiOz -6% MoO •. 
The two sources of molybdenum are described in section 5.1. These can be closely 
referred to as free molybdate ions when added as H2MoO. or as bound molybdate 
ions when added as bardener-MoO. sa lt . 
In Fig. 62 is shown the kinetics of diffusion of the molybdate for both tbe 
sources of molybdate ions in terms of relati ve amounts of ex tracted molybdate ions 
as function of immersion time of. Ln both cases tbe process slows down after an 
initia l fast di ffusion of tbe ions in the water that takes place over approximate ly fi ve 
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hours. [n the case of H-MPTMS- 15% Si02 -6% Mo0 4 the extraction process reaches 
equil ibrium after about three days of immersion. The diffusion of molybdate ions 
from the H-MPTMS-1 5% Si02-6% H2Mo04 hybrid does not reach equili brium 
after the same period of time (approximately 90 hours). This behaviour is in 
accordance wi th the results of sections 6.2.2 a and 6.2.3 b. 
Fig. 63 di splays the kinetics of diffusion of molybdate ions, fo r the described 
hybrids, expressed in term of Fick's law of diffusion as di scussed in section 
6.3.2 a The equil ibrium va lue of the extraction at infinite time of extract ion from 
H-MPTMS- 15% Si02-6% H2Mo04 hybrid was obtained by extrapolation. The 
estimated di ffusion coeffic ients, shown in table 4, indicate that the Fickian part of 
the diffus ion process proceeds at the same rate, even though the two systems tend to 
di ffe rent equilibrium va lues. These results are in concordance with the fact that the 
two hybrids have been made using the same coupling agent. (See section 6.3.2 b). 
Table 4 Diffusion coefficients of the diffusion process of the molybdate from cpoxy-silica-
molybdenum hybrids. 
Moly bdate source for the hybrid 
H- MPTMS - 6% M00 4-2 (hardener salt) 
H- MPTM S - 6% H2Mo04 (molybdic acid) 
d) Effect o/sample thickness 
Diffusio n coefficient 
of MoO -2 10-7 rn2 S-I 4 
15±1 
13±1 
The study of the sample th.ickness effect on the diffusion of molybdate ions 
fo r the water extraction process, was carried OUl w ith the hybrid HMPTMS- 15% 
SiOr 6% Mo04 . The thickness of the sample was 0.85 and 0.45 mm. 
Fig. 64 shows the kineti cs of diffusion of the molybdate Ions in terms of 
relati ve amount of extracted molybdate ions versus time of immersion. In both 
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cases, after an initial fast di ffusion of the ions in the water, the process slows down 
and reaches the equ il ibrium after about th ree days of immersion. The equ il ibrium 
va lue of the relati ve quanti ty of extracted molybdate ions va ries appreciably with 
the th ickness of the sample from th ickness 0.85mm to 0.45 mm and precisely 
diminishes of approx imately eight times. 
The diffusion coeffic ients , obtained from the Fickian plots in fig . 65, are 
fo und to be independent of the thickness. The diffusion coeffic ient va lues are 
reported in table 5 and are in accordance with the data reported in section 6.3 .2 a. 
Tablc 5 Diffusion coefficients for the diffu sion of Lhe molybdate ions from epox.y -s ili ca hybrids 
containing 6% Mo04 added in the form of hardener salt . 
H- MPTMS - 6% M004-2 - 0,85 mm 
H- MPTMS - 6% M004-2 - 0,45 mm 
e) Effect of salillity 
Diffusion coefficient 
of Mo04-2 10-7 m2 S- I 
IS±I 
IS±I 
This snldy was ca rried out us ing the hybrid H-MPTMS- 15% Si0 2-6% MoO. 
-0,45mm . 
The extraction tn 3.5% NaCI water (i.e. equiva lent to a sea water-type 
environment) was compared to that ill de- ionised. The results of the extraction 
experiments are shown in fi g. 66. In both cases the process slows down after an 
initi al fast diffu ion of the ions in the water occurring over approximately five 
hours. In the case of the de- ionised water equilibrium is reached after about three 
days of immersion. The diffusion of molybdate ions in sea water does not reach 
equil ibrium after the same period oftime but extraction continues over longer times. 
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Fig. 67 displays the kinetics of diffusion of molybdate ions, for the described 
hybrids, expressed in terms of Fick's law of diffusion, as indicated in section 
6.3.2 a. To perform these calculations the equi librium value of the extraction 
process in sea water were considered using the assumptions made in section 6.3 .2 b 
(i. e. equilibrium va lue extrapolated for infinitc extraction time). The estimated 
diffusion coefficients are shown in table 6. 
Table 6 Effect of water sa linity. Diffusion coefficients for the diffusion of the molybdate ions from 
epoxy-silica hybrids containing 6% Mo04 added in the form of hardener salt . 
H- MPTMS - 6% Mo04 de-ionised water 
H-MPTMS - 6% Mo04 sea water 
Diffusion coefficient 
of MoO -2 10-7 m2 S-I 
4 
l5±1 
5±1 
These results reveal a large reduction III coefficient of diffusion JI] the 
presence of electrolytes in the water. 
6.3.3 Corrosion protection 
The corros ion protection properties of the coating systems under examination 
is enhanced by the presence of molybdate ions which act by reducing the oxidation 
rate of the metal substrate. 
Corrosion tests were ca rried out on mild steel and zinc-plated mild stee l 
surfaces. 
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a) Corrosion potential measurements fo r mild steel plates 
The corrosion tests invo lved the measurement of the corrosion potential of 
the corrosion cell , as a function of time of immersion in sea water, of mild steel 
plates coated with different hybrid formu lations. The resu lts are shown in fig. 68 
and 69. 
The shape of the curves shown in fig . 68 and 69 indicates that after an initial 
fluctuation all the corrosion potential curves tend to reach an equi librium value, 
depend ing on the corrosion protection abi li ty of the coating. In both graphs are 
reported the corrosion potential curves for both uncoated mild steel and those 
coated with molybdenum-hybrid without grooves (see p. 75). These curves can be 
used as reference data from which the corrosion protection abili ty of the coating can 
be assessed. indeed the uncoated mild steel expresses the condition where the 
substrate is exposed to corrosion without any protection, wh ile the mild steel coated 
with I-l -A 11 70- 15% SiOT J-I 2Mo04 (without grooves), represents the conditi on 
where the protection is at the maximum possib le for these systems. 
An important consideration to make when interpreting the corrosion potential 
curves shown in fig . 68 and 69, is that the measured va lue of the corrosion potential 
depends directly on the concentration of the oxidised meta l in the corrosion ce ll 
(Nerst equation see p. 55). In this system the oxid ised metal is iron, which has a 
corrosion potenti al Fe-Fef2 (at equilibrium) equal to - 690 mY . The closer the 
corrosion potential values (at equilibrium), gets to - 690 mY the more the substratc 
is being corroded. This represents the situation where the mild steel plates are not 
protected, against corros ion, by the coating. In fig. 68 and 69 the curve for the 
uncoated mild steel (at equilibrium) is the one that is closer to the va lue of the 
corrosion potential of the free iron. This is the worse possible situation for the mild 
stee l exposed to corrosion. 
On the other hand, the higher is the numerical value of the corrosion 
potential (at equilibrium) relatively to - 690 mY, (hence the lower in absolute 
va lues), the greater is the effect of inhibition of the corrosion process. This means 
that the concentration of Fe +2 migrating from the metal plate into the solution is 
being reduced by the inhibition process. In fig . 68 and 69, the corrosion potential 
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curve for mild steel coated with the non-grooved coatings containing molybdate 
ions corresponds to the one that shows the higher corrosion potential values in the 
region of - 665 mY. This system corresponds to the one most protected from the 
attack by the corrosive environment. 
On the basis of these observations it is possible to assess the corrOSIOn 
potential equilibrium values for all the other examined systems exposed to 
corroSIOn. 
In both fig. 68 and 69 it can be observed that the hybrid coatings with 
molybdate ion di splay equilibrium values for the corrosion potentia l around - 665 
mY. This means that they protect the mild steel substrate much more than both the 
pure epoxy res in coating and the hybrid coati ng without molybdate ions, for which 
the equi librium va lue is close to - 687 mY. 
Furthermore in fig . 70 it is noted that when t~e molybdate ions are present in 
the hybrid system in the foml of molybdic acid (H-A I 170-15% SiG.! -6% H2MoO.), 
the protection ability of the coating is even more pronounced than when it is added 
as hardener sa lt (H-A 11 70-15% Si02 -6% MoO.). The same kind of effect is noted 
when comparing the corrosion protection abil ity of ~I-A 11 70-15% Si02 -6% Mo04 
and H-MPTMS-1 5% Si02 -6% H2MoO •. 
b) Corrosion potential measurement/or zinc-cooLed mild steel sUl faces 
Zinc is u sed in mild steel as protecti ve layer to delay the oxidation of the 
iron. A good protective coati ng nw st be effective also for zinc-coated stee l plates. 
The results of corrosiol) fpsts performed on zinc-coated mild stee l substrates 
are shown in fig. 7 1 and 72. The corrosion potential curves show a trend very 
different from those obtained with mild steel substrates. The zinc-coated mild stee l 
system are indeed complex systems and, therefore, interpretation of the results 
needs more careful considerations. 
The curves in fig 7 1 and 72 compare the corros ion protection behaviour of 
various epoxy- silica hybrid coatings. In both fi gures the reference curve is the 
corros ion potential curve of the uncoated zinc-plated mild steel. 
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The corrosion potential for these systems was measured initially to be in the 
region of - -I020mV. The corros ion potentials for zinc is approximately -I005mV. 
The corrosion potentials of the samples over the time scale of the experiment 
increased at a g reater rate and to a larger extent. This was so because tbe oxidation 
process consumes the zinc laye r on the surface of the zinc-plated substrates. The 
corrosion process then extended to the inner substrate. At that moment the corrosion 
potential reached the characteri stic va lue for i.ron (-690mV). Therefore, zinc acted 
as a protective layer for iron only until it was used up. During thi s time the 
corrosion potential of the plate remained in the proximity of the corrosion potential 
of zinc. 
I.n fi g. 7 1 could be noted that the protecti ve ability of the pure epoxy resin 
against the corrosion of the coated substrate is negligible. Lndeed the corrosion 
potential measurements tended to move rapid ly towards the va lues of unprotected 
steel. Furtbermore, the protective ability of the epoxy resin coating was negligible 
even when a molybdate inhib itor was added to the formulation. Indeed, both tbe 
corrosion potential curves for of the pure epoxy resin and the epoxy res in containing 
molybdic acid are very close to the reference curve. 
Moreover, fig. 72 reveals that one of the curves had a peculiar trend. While 
the potential curve for the hybrid HA 1170-15% Si02 follows quite closely the 
reference curve, (showing no corrosion protection tendency), the potential curve for 
the hybrid I-1-AI1 70-l5%S iOr 6%MoO. remains in the proximity of the zinc 
potential value, after a slight in itial growth. This indicates that some zi nc-iron-
molybdenum oxide species had been formed and acted protecting agents for the 
inner stee l substrate against corrosion. 
According to these results the molybdate ions, in the coatings, act as 
corrosion inhibitors ollly when they are added to a hybrid formulation . 
c) Visual inspection of corroded Subs/rales 
One aspect of the corros ion tests is the visual observation of the exposed 
areas of the coated substrates after exposure to tbe corrosive environment . 
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The pictures in fi g. 73 , 74, 75, 76, 77 and 78 correspond to the result of a 
corrosion ex periment on mild stee l plates coated respecti vely w ith : pure epoxy 
resin , l-l-MPTMS- 15% Si02 and H-MPTMS-1 5% Si02-6% Mo04 The photogrdphs 
were taken after one and seven days of immersion in 3.5% NaCl waler. A circular 
defect was introduced, by grooving the coating, in order to expose the underl yi ng 
surface to free corrosion. The appearance of the defect was examined, one and ten 
days after the start of the corros ion test in sea water. Two mai n observations made 
are re levant: a) there was total absence of iron oxides (i.e. products of the corrosion) 
only on the surface of the defect of the sample coated with the molybdenum-
containing hybrid (fig. 77 and 78), b) after the corrosion test, lhe hybrid coa tings 
were still adherent to the meta l surface, whereas the epoxy coatings were 
completely blistered away from the plates (fig. 73 and 74). 
Fig. 79 and 80 represent the results of the corrosion experiment of z inc-
plated mild stee l coated respectivel y with pure epoxy resin , H A 11 70- t 5% Si~ 
epoxy reslIl conta ining 6% of molybdate ions and 1-1- A 11 70-15 % Si02-6% Mo04. 
The micrographs were taken aftcr thirty days of immersion in the corrosive 
environment (sea water). 
In fig . 79 and 80 it is observed that a ll the corrosIOn cell s di splay some 
oxidation product on the surface of the defect of the corroding plates and on the 
bottom of the ce ll , but the corros ion ce ll of the sample coated with the hybrid H-
A 11 70-1 5%Si~-6%Mo04 is free of any precipitated oxidation products. This 
observation leads to the conclusion that the corrosion of the in.ner layers has stopped 
at the point where the formation of the first insulating layer (see secti on 4.4) . 
Furthermore the absence of corros ion products at the bottom of the corrosion 
ce ll of the sample coated with the hybrid H-A lI 70-15%S iOr 6%Mo04, and the ir 
presence of these in the corrosion ce ll of the plated coated with epoxy resi n 
conta ining 6% MoO., is a cl ear confirma tion that the corrosion protection ability of 
molybdate ions is ev ident o nly when dlCY are conta ined in the hybrid coa tings. 
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- fig. 73 antI 74 Pure epo.\y resin coatings 011 mild Sleet .villi circular defect. Corrosion effecls 
after one day (top) alld after seven days (bottom). 
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- fig. 75 allti 76 H-MPTMS-J 5% Si02 hybrid coatings on mild steel wit" circular de/eel. 
Corrosion eJJecls after one day (lOp) and a{ler seven days (bollom). 
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- jig. 77 ami 78 H-MPTMS -15% SiOz -6% MoO. hybrid coalings Oil mild sleel wilh circlllar 
defecl. Corrosion effects after one day (lOp) and after seven days (bo llo/l1). 
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- jig. 79 Corrosion effects on zinc-plated mild steel with groove defect coated with pI/re epoxy 
resin (left) and H- A // 70-15% SiO] (right) . 
-jig. 80 Corrosion effects on zinc-plated mild steel with groove defect coated with epoxy resin 
containing 6% ofmolybdates (left) and H- A // 70- /5% SiO]-6% MoO. (right). 
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d) Analysis of the rust oxides 
After th e corrosion experiments, performed on the mild stee l substrates, the 
ox ides formed on the grooved areas were removed and analysed using the LMMAS 
technique. In fig . 8 1 is shown an example of the atomic mass spectra of the oxides 
formed on the grooved areas of a mild steel substrate, coated with a molybdenum-
containing hybrid. 
The mass spectra obtained from these oxides, showed the presence of large 
number of iron oxides, molybdate ions and chloride ions. These are impOItam 
findings: first , ionic species containing both chlorine and iron were not found. 
Second, ionic species contain ing both iron and molybdenum oxides were present in 
the samples of mst. These observat ions indicate that the concentration of molybdate 
ions employed in the coating was high enough to compete with chlorine in the 
fomlation of precipitated sa lts. Furthermore, having verified the activity of the 
molybdate ions in corrosion prevention of the stee l substrates, it can be concluded 
tbat the inhibition of tbe oxidation process takes place through the well known 
mechanism (see secti on 4.4) for the formation of iron-molybdenum oxides. 
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6.4 PROBES FOR THE EXlSTENCE OF PHASE CO-CO TINUITY 
IN EPOXY-SILICA HYBRIDS 
TIle two-phase morphology of composites produced with the use of pre-
formed silica particles, is very different from that of hybrids made from sol-gel, 
which have a co-continuous morphology. 
6.4 .1 Dispersion of pre-fo.·med si lica particles 
The type of coupling agent (mercapto-type or amine-type) used in the 
production of the nano-composites containing silica particles can greatly affect the 
Icvel of di spersion of the inorga nic fill er. 
aJ Effect oJ the coupling agent on the morphology oJ dispersed epoxy-silico 
composites 
The morphology of some epoxy-s ilica composites produced by di spersion of 
silica in the epoxy matrix was examined both optically and by transmission electron 
microscope (TEM) . 
The optical examination of these systems showed always a celta in degree of 
fi ll er aggregation , except in the case where the epoxy resin was pre-functionalised 
with the A 11 70 coupling agent. 
Fig. 82, 83 and 84 show the TEM micrographs of particulate composites 
containing 15% of fi lle r, produced respecti ve ly from : a) pure epoxy res in , b) 
MPTMS functionalised epoxy resin and c) A 11 70 functionalised epoxy resin. These 
micrographs revealed that there was a lack of affi nity between the pure epoxy resin 
and the silica particles giving ri se to aggregation of the filler particles into large 
agglomerates (fig . 82). The level of aggregation diminished when the epoxy resin 
was functionalised with MPTMS (fig. 83), but the aggregates were still large 
enough to produce optica l opacity. Compl ete di spersion of the silica particles (fig. 
84) was obtained only with the epoxy res in functionali sed with the A 11 70 coupling 
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• 
• 
- jig. 82 TEM micrographs of epoxy resin filled wilh 15% of SiO] pre:formed particles. 
Magnification: (leji) 3K, (right) lOOK. 
166 
- Jig. 83 TEM micrographs oJ epoxy resin Junctionalised with MPTMS (mercapto-type) 
coupling agent and filled with J 5% DJ SiO] pre-formed particles. Magnification: (left) 50K, 
(right) l OOK 
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- jig. 84 TEM micrographs of epoxy resin fimctionalised with A J J 70 (amine-type) coupling 
agent and jilled with J 5% of Si02 preformed particles. Magnification: (left) 50K, (right) 
l OOK. 
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agent. For these systems, the TEM micrographs revealed a very fine morphology 
consisting of single isolated particles dispersed into the matrix. 
b) Effect of silica filler particles on mechanical properties 
The mechanical spectra in fig. 85 and 86 shows that the pure particulate 
composite produced with the unmodified epoxy resin displayed a much higber tanS 
intensi ty and a Tg simi lar to the corresponding pure epoxy resin system. The 
modulus curves, on the other hand, were very similar with only a small increase in 
the plateau mndulus. 
The dynamic-mechanical properties of the functionalised epoxy resin witb 
A 11 70 (amine-type) and MPTMS (mercapto-type) coupling agents and fi ll ed with 
the silica particles, are shown in fig 87, 88, 89 and 90. The tanS data of both 
systems, wben compared to the corresponding functionalised epoxy system without 
the filler, revealed a glass transition temperature increase: 12°C in the case of 
MPTMS coupling agent and 20°C for AI170 coupling agent. On the other hand the 
elastic modulus curves revea led a reduction of the plateau va lue, which can only be 
attributed to a reduction in the cross-linking density of the epoxy resin. Possibly tbe 
silica particles absorb a certain amount of hardener reducing the cross-linking 
efficiency. 
The agglomeration of nano-particles, with the unmodified epoxy matrix , 
produce a large increase in tanS in the IUbbelY state, due to the additional losses 
created by inter-particle frictions . This is not evident, on the other hand, when the 
particle are well di spersed , i.e. for functionalised resin . 
b) Effect of silica {iller particles on solvent absorption of par/icLlIa.le 
composites 
Solvent absorption tests in THF and methanol of functionalised epoxy resin 
containing 15% of silica particles are shown in fig . 9 1, 92,93 and 94. 
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From the curves in fi g. 9 1, it is ev ident that whereas tbe fu nctionali sation of 
the epoxy resi n with the mercapto coupling agent had an effect on the absorption 
behaviour towards Tf-W, a large reduction in absorption rate and total level of 
absorption was experienced when tbe resin was functiona lised with the amine 
coupling agent (A 11 70). fn the latter case, the so lvent absorption process was 
different from the others, i.e. there was an induction period before the solvent is 
absorbed rapidly . When 15% sil ica pa rti c les were added, the resu lt ing composite 
ex.hibited a solvent absorption behaviour equal to the corresponding matrix . The 
small reduction in equilibri um of absorption level was due entire ly to the 
replacement of the matri x (absorbing phase) with the filler (non-absorbi ng phase). 
The results of the solvent absorption in methanol were tota ll y different from 
THF. First, tbe functionali sa tion of the resin had very little effect on the solvent 
absorption behav iour, apart fro m a slight reduction in rate of absorption for the resin 
functionalised with A 1170. Once more the addition of 15% si li ca filler did not 
produ ce any significant change, other than the small expected reduction due to the 
substitution of absorbing with non-absorbing matrix. The absorption rate before 
reaching the equilibrium was, however, substantially reduced for composites 
produced with the fu nctionalised epoxy res in , which may be indicati ve of an effect 
resulting from strong interfacia l bounding. 
6.4.2 Comparison of properties of co-continuous phases with particle 
dispersed systems 
The fine morpbology of epoxy-s ilica co-continuous phases systems was 
vaste ly diffe rent from that of the particle dispersed systems. As di scussed in section 
6. I , in the former systems it was not possible to di stinguish the two phases, because 
of the co-continui ty of the two networks, whereas in the second type of hybrids the 
two phases are well distinct. 
The TEM micrographs In fig . 84 and 40 respectively for the systems 
EpoxyResin-A 11 70+ 15% Si02 (Pre-Formed) and H-A I 170-15% Si02 (sol-ge l) 
show two different morphologies. in fig. 84 the silica domains are clearly defined as 
disti nct particles well dispersed in tbe epoxy matrix. In fig . 40, on the other hand, it 
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IS not possible to distinguish the two phases because of the very di ffused fin e 
domains, of nano-scale dimens ions, as man i festation of co-continuity of phases. 
a) Dynamic-mechanical properties 
f ig. 95 and 96 show the dynamic-mechanical spectra, (tano and elastic 
modulus curves) of EpoxyResin-A 11 70, Epoxy Res in-A I 170+ 15% Si02 (Pre-
Formed) and H-A 11 70- 15% Si~ (sol-gel). The nano-composite EpoxyResin-
A I 170+ 15% Si0 2 (Pre-f ormed) di ffe rs from the reference res in (EpoxyResin-
All70) for having a higher Tg and a lom::r plateau elastic modulus (section 6.4. 1 
b). On the other hand the H-A 11 70-1 5% Si~ (so l-gel) showed a lower and broader 
tano peak and higher plateau elastic modu lus, relative ly to the reference res in, 
although the Tg remained approximately unchanged. The same behaviour was 
observed in the case of EpoxyResin-MPTMS+ 15% S i~ (Pre-Formed) and H-
MPTMS-15% Si0 2 (so l-ge l) hybrids, re lative to their reference Epoxy Res in -
MPTMS, as shown in fig. 97 and 98. 
These results show that the s il ica formed in-situ by the sol-gel method, (in 
the production of the hybrid), created strong constraints on the molecular motions 
within the organic phase. These constraini ng forces did not exist when the silica 
was added to the epoxy matrix as pre-fo rmed particles, despite the di playing of a 
higher Tg. At the same time the silica reduces the cross-linking density, which was 
mani fested as a reduction in the plateau modulus of the rubbery state. 
One strong piece of evidence of the existence of co-continuity between the 
organic and inorganic networks of the epoxy-silica hybrids fo rmed in situ by sol-
gel, comes from the thermal mechanical analysis (TMA), shown in fig. 99. The 
thermal expansion curves for EpoxyResin-A 11 70 and EpoxyResin-A 11 70+ 15% 
Si0 2 (Pre-formed) are very similar. Both show a large discontinui ty between 80°C 
and 120°C. Such discontinui ty was a manifestation of relaxations within the organic 
phases . Very distinct from these was the thermal expansion behaviour ofI'[-A 11 70-
15% S i~ (sol-gel) hybrid. In this case the di scontinui ty almost disappeared 
indicating the ex istence of strong constra ints to the molecular motions in the 
organic phase due to restri ctions from the inorganic phase. 
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This effect was even more pronounced when molybdate ions are added to the 
hybrids (see sec tion 6.2). In fi g 100 are displayed the thermal mechanical curves of 
epoxy res in , H-AI1 70-7 .5% Si~ , H-AI170-15% SiOz and H-AI170-15% SiOz-6% 
Mo0 4 (post-cured at 80°C). In these graphs the trend of reduction of the expansion 
coefficient with increasing the silica content is clearly di scernab le. An even bigger 
reduction of the coeffi cient is observed when the molybdate ions are present in the 
hybrid formulation . This is aga in attributed to the greater density of the inorganic 
network which increases further with the formation of mixed oxides. 
b) So /venl absorplion behaviour 
When immersed in a good solvent [1 72-174] the organ.ic network will swell. 
The swelling ratio at equilibrium without the presence of external constraints is 
determinate by the balance between the osmotic pressure and the stretching of the 
polymeric network. In the presence of particles, the existence of covalent bonds 
between the particles and the polymer matrix leads to a decrease in swelling at 
equ ilibrium. If the partic les are not linked to the network they will not restrict the 
swell ing of the polymer network, which wi ll undergo an isotropic dil a tion silllilar to 
the one of the polymer without fi ller. 
When silica is present as a co-continuous interpenetrated phase (in-si tu 
form ed sol-gel silica), cova lently linked to the organic matrix , the reduction in 
swelling is much more pronounced. This is a mani fes tation of the rei nfo rcing 
efficiency oftl:te inorganic phase . 
In fi g. 10 1 is shown the TI-IF absorption behaviour of EpoxyResin-A I 170, 
EpoxyResin-A) 170+ 15% Si~ (Pre-formed) and H-A 11 70-15% SiOz (sol-gel). The 
data indicate that the higher resistance to swel ling was obtained when the inorganic 
phase was co-conti nunus with the organ.ic network. The absorption reduction in 
solvent of tbe co-continuous bybrid was the result of strong constraints that the 
inorganic network imposed on the organic matrix. These restrictions rei nforce the 
hybrid network resulting in a large reduction of both the absorption rate and of the 
total amount of absorbed solvent to approximate ly 50% relative to the 
corresponding composite made containing 15% of pre-formed silica particles. 
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The absorption curves of methanol exposed In fig . 102 shows tbe same 
trends. 
In fig . 103 is shown the THF absorption curves of EpoxyResin-MPTMS, 
EpoxyRe in-MPTMS+ 15% Si02 (Pre-Formed) and H-MPTMS-1 5% SiOz (so l-gel). 
The graph shows that only H-MPTMS-15% SiOz (so l-ge l) was resi stant to so lvent 
aggression , because despite the fast absorption rate, the sample did not disintegrate 
after few hours. 
c) Sma ll ang le X-ray scattering 
Fig. 120 and 12 1 show the X-ray scattered inlensities of the cured pure epoxy 
resin, the epoxy resin modified with A 11 70 and of the two hybrids H-A I 170 with 
7.5 and 15% of s ilica made from so l-ge l. The plots represent in double logarithmic 
sca le, the scattered intensity versus the vector q (q=2sin9/A [A-')). The data indicate 
the presence of a peak at 63A and curves in the case of the hybrids characteri sed by 
an increasing intensity and slope with the increasing s ilica content. 
[n fig. 122 are compared the X-Ray scattered intensities of two hybrids 
having the same silica content ( 15%), but one was prepared by sol-gel and the other 
by the addition of si lica as pre-formed particles. The curve of the hybrid obtained by 
di spersion of separated phases had the pecul iari ty of being characterised by a much 
higher s lope (see section 7.4.4). 
The main feature of the curves are reported in table 7. 
Table 7 Slope and peak of the sma ll angle x-ray sc.atlcrcd inlcllsilics. 
Epoxy Resin 
Epoxy Resin-AU 70 
H-AI170-7.5% Si02 (sol-gel) 
H-AII70-IS% Si02 (sol-gel) 
Epoxy Resin-AI 170 15% Si02 (pre-formed) 
• Frnctal Dimension (Sce section 7.4.4), 
Slope (F.D.* ) 
1.1 
1.3 
3.8 
Peak (A) 
63 
63 
63 
63 
63 
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6.5 SOLVE T ABSORPTION IN EPOXY SILICA HYBRIDS 
6.5.1 Swelling behaviour of epoxy-si lica hybrids in THF 
Every equilibrium step in solvent absorption can be identified as the balance 
between the external osmotic pressure, which drags so lvent inside the polymer, and 
the constrai ning forces that keep the polymer Il etwork tight. 
The absorption behav iour in TifF of two series of epoxy-silica hybrids, H· 
AI170 and H·MPTMS, of several silica contents, are reported in fig. 104 and 105, 
as weight increase versus immersion time in the absorbing solvent. 
The so lvent absorption trends shown in fig . 104 and 105 suggest that the 
absorption process can be divided in three consecutive steps: 
Step I. Slow linear absorption and small we ight ga in 
Step 2. Large and sudden absorption and weight increase 
Step 3. Equilibrium absorption plateau 
In some cases it is possible to visualise an additional step at the very 
beginning of the solvent penetration process, during which there is absolutely no 
solvent uptake, i.e an induction time. 
This delay of the solvent penetration can be identified as the surface 
resi stance to absorption , which depends on the compactness of the so lid polymer 
stmcture and also on the solvent molecular dimensions. Tllis surface resistance is 
thought to originate from the rate at which the absorbing molecules get adsorbed or 
produce a "crater" in the polymer surface large enough to accommodate them as 
bound solvent molecules. 
The first tep is a Fickian process characte ri sed by slow rates of absorption . 
During thi s period the solvent slowly penetrates into the bulk and occupies the sites 
capable of accommodating its geometrical phys ical-chemical characteri stics, such 
as dimensions and polarity. At the same time it di splaces molecular segments by 
loosening chain interactions. 
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The second step is characterised by a large and fast jump of solvent uptake. 
When the chain loosening process reaches some critica l state the osmotic pressure 
of the so lvent overcomes the constraining forces that keep the organic network 
tight, causing a sudden large solvent penetration until a new equilibrium is reached. 
The third step, corresponding to the last equili brium stagc, is reached when 
the inorganic network prevents further expansion of the organic phase . The 
absorbed quanti ty at equilib rium will depends therefore on the level of restricti ons 
imposed by the inorganjc network. 
When the inorganic network IS not present, or IS not dense enough, the 
osmotic pressure cannot be balanced and a final equilibrium is not reached because 
of the di sintegration of the organic network causing multiple fracture. 
A model for the absorption process is shown i.n fig . 130 (sce secti on 7.5.5). 
6.5.2 Swelling behaviour of epoxy-silica hyb.·ids in CH]OI:l 
The penetration capability of methanol is quite different from that of THF 
but the process of absorption can be described in the same way as shown later. 
The absorption behav iour of methanol for the HA 11 70 hybrids, at several 
sil ica contents, is shown in fi g. 107 as weight increase versus time of immersion. 
steps. 
The solvent absorption process of methanol can be divided in three main 
Step I. Slow linear ab orption with large weight increase 
Step 2. Hjgh absorption and fast weight increase 
Step 3. Equilibrium absorption plateau 
Ln most cases it is poss ible to visualise one more step between the second and 
the tilird absorption steps, that is, before the curves of solvent uptake get to the 
constant equilibrium, these curves rusplay a maximum and tban diminish reaching 
the equilibrium. The effect cannot be attributed to an extraction of materi al from the 
coating as there was no weight loss after drying. It has to be considered instead as a 
property of methanol which causes a loosening of the stnlcnlre with some change in 
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configuration of the polymer during absorption and then relaxes to an fXJuilibrium 
configuration, resulting in the expelling of some solvent. 
The molecular dimensions of methanol are much smaller than THF 
potentially making the absorption process much faster. The time for "surface 
fixation" is reduced and the subsequent bulk penetration becomes much faster 
making it diffi cult to distinguish the first two steps of the olvent absorption . 
However, in the hybrid !-~A 11 70- 15% Si02 the constraints of the inorganic phase 
reduced the so lvent penetration rate and the first two steps can be distinguished. 
The constant equilibrium stage leads to much lower absorbed so lvent 
quantities than THF. This behaviour resulted from a lower osmotic pressure, 
requiring lower constraining forces to oppose the absorption process. Nevertheless 
the effect of the inorganic network was still a contributing factor in reducing solvent 
absorption even if the effect was not evident as much as with THF. 
6.5.3 Networ k additional constr ain ts by molybdate ions 
The addition of molybdate ions in the hybrid formulation, as discussed in 
ections 6.2.2 and 6.2.3, increased the inorganic character of the inorganic phase. 
This also leads to an increase of the rigidity of the network leading to a sy tem 
where the movements of the molecu le are more highly constrai ned. These 
additional constraints make the hybrid structures more resistant to the penetration of 
the solvents. 
Fig. 50 and 51 show the THF absorption tendencies of aA 1170 and a 
MPTMS hybrids, containing 0%, 3% and 6% of molybdate ions. 
The graphs show that the a:!dition of molybdate ions was very effective III 
enhancing the so lvent barrier properties, because it was observed that both the 
equilibrium absorbed quantity and the diffusion coefficient decreased aDd the 
induction time became larger with increasing molybdenum content. Table 8, 9 and 
10 show the values measured for the absorption tests in THF. 
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Table 8 Swell ing induction lime of some epoxy-silica- hybrids in THF: effect of mo lybdenum 
content. 
MoO. % H-A1170-J5% Sio, H-MPTMS-15 % Sio, 
TRF TBF 
IlIdllctioll tillle 1 rf (s) IlIdllctioll tillle J rf (.5) 
0 32.0 1.9 
3 50. 1 4.3 
6 55.3 53 .6 
Table 9 Diffusion coefficient of THF in some epoxy-sili ca- hybrids, effect of molybdenum content . 
MoO. % H-AJ 170-J 5% Sio, H-MPTMS-J5% Sio, 
TBF THF 
Oi/f. Coejj: 10·4. I1IS· 1 Oiff. Coejj: 10.4 . IIIS ·1 
0 7 70 
3 6 65 
6 3 20 
Table 10 Equi librium quantities of absorbed solvent, of some epoxy-s ili ca- hybrids, cxprcs cd as 
(%) weight increase: e lTec! ofmolybdenu l1l content. 
MoO. % H-AJJ70-15% Sio, H-MPTMS-15 % Sio, 
THF THF 
(%) (%) 
0 27.6 48.6 
3 27.0 3 1.4 
6 26.0 26.4 
From the va lues of the above tables, it can be observed that the ability of 
molybdate ions to enhance the barrier properties is mnre effective in the case of H-
MPTMS hybrid series, where the shie lding properties, wi thout molybdate lOns, 
were generally poor. 
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6.5.4 Effect of sample thickness 
Fig. 11 9 shows the THF absorption data for J-l-MPTMS-15% SiOr 6% MoO. 
hybrid for two samples with different thickness. 
The experiment shows that the penetration of the solvent during the first step 
of the process, in terms of diffus ion coefficients and induction time, is effectively 
faster for the thilmer samples. This means that the so lvent can penetrate the entire 
mass of the sample in a shorter period of time, leading to a faster absorption in the 
second step of the process. 
At the end of the absorption period, however, the two hybrids will have 
absorbed to the same equilibrium quantity of so lvent. 
If the mechanism of absorption of THF presented in section 6.5 .1 is correct 
the thickness of the sample should have an affect especia ll y in the first step of the 
absorption process. A lower thickness should lead to faster absorption in the first 
step of the absorption process in terms of reducing the induction time fo r the so lvent 
to reach the bulk of the sample. For the same reason the diffusion coefficient should 
also increase. 
6.5.5 Effects of solvent penetration on the structure of the hybrids 
After the swe lling tests some of the samples were checked in order to 
estimate the effects that the so lvent had on the structure of the hybrid and the 
consequences of the drying process. 
Fig. 11 3 shows the sorption and re-sorption data for the I-l-A 11 70- 15% Si02 
hybrid, in both THF and methanol. 
It is observed that between the fi rst and the second absorption cycle of 
methanol there is not much difference but a slight acce leration of the first step of the 
absorption process. 
Conversely between the first and the second absorption cycle of the THF 
absorption were evident two differences: first, during the re-sorption test, the rate of 
absorption of the first step was lower and the beginning of the second step was 
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delayed of few days. Second, the absorbed quantity of THF at the equilibrium of the 
re-sorption te t had increased by 10%. 
Examining these results it seems that, while methanol does not have much 
effect on the network, THF created severe structural damage. When THF penetrated 
the hybrid network and reached the swelling equilibrium, produced damages to the 
network so tha t the second absorption cycle leaded to higher absorbed equilibrium 
quanti ties, due to the reduced strength of the network. Furthermore, the TI-IF 
absorbed in the first absorption cycle, while abandoning the su rface during 
evaporation compacted the molecules layer at the surface, shrinking the surface 
poros ity and finally leading to a slower first step of the absorption process, (see 
secti on 7.5.5). 
Dynamic-mechanical tests have been performed on swollen samples in 
methanol and THF, and on samples after swell ing and drying. The results are shown 
in fig. 114, 11 5 and 11 6. 
Fig. 11 4 di splays the ta no curves for the H-A 11 70- 7.5% Si0 2 hybrid before 
and after swelling in both methanol and THF. Both solvents reduced the ~ 
transitions temperature, at. the same time, the Tg. This decreased by 60 °C when the 
hybrid was swollen in methanol and by 90 °C when it was swollen in THF. The 
effect on the ~ transition is typ ica l of anti-p lasti cisation effect introduced by these 
so lvents. 
Fig. I 15 and 11 6 report respecti vely the tanO curves of H-A I 170-\ 5% Si0 2 
hyblid before, and after swell ing and dryi ng in methanol and the tano curves of H-
A 11 70-7.5% Si0 2 hybrid before, and after swelling and drying in THF. After drying 
the effect of the so lvent evaporation resulted in the increase of both the 
temperatures of the ~ transition and the glass transition. The observed effects, which 
are tempormy, can be attributed [1 75] to a change in configuration within the 
network and to entanglements generated by the diffusion of the solvents in and out 
the network during penetration and evaporation. A physical densifica tion of the 
net.work reduced the mobility of the molecules leading to the increase of the energy 
needed for such transitions to happen. 
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Fig. 11 7 reports the thermal (lxpanslon curves of the HA I 170- 15% SiG.! 
hybrid before, and after swelling and dly ing in methanol. Fig. 11 8 reports the 
\ ll"ermal expansion curves of the same hybrid before, and after swelling and drying 
in THF . The compari son of the two graphs once again gives the evidence that 
whereas the absorption and evaporation of methanol did not have much effect on 
the network, the di ffus ion of THF created large changes. First, the thermal 
expansion coeffi cient below Tg increased, compared to the other samples (see table 
I I), second, in the range of temperatures between 70°C and 100°C, the rate of 
dil ation of the sample decreased as if the dil ation was counterbalanced by a 
structure collapse, maybe due to the voids generated by the THF paths. 
Table 11 Therma l expansion coefficienls of the J-1-A I 170- 15% Si02 hybrid before, and after 
swell ing and drying in methanol and THF. 
H-AII 70-15 % SiO, H-AII70-15 % S iO, H-A 11 70-15 % SiO, 
After absorption and Afler absorption and 
drying of Methanol drying ofTHF 
Linear expansion 
coefficient (10' K ') 28.4 23.2 37. 1 (Temperature range 
30-60 QC) 
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CHAPTER 7: DISCUSSION 
7.1 NETWORK DENSITY CONTROL OF THE NANOSTRUCTURED 
SILOXANE PHASE rN EPOXY SILICA HYBRIDS BY SELECTIVE 
FUNCTIONALISATION OF TI-IE PRECURSORS 
7.1.1 Effect of hardener content 
The deterioration of the mechanical properti es observed in fig. 9, in terms of 
reduction in Tg va lues, resulting from an increase in hardener content, is attributed 
to the homo-polymeri sation of the epoxy res in . An excess of amines can indeed lead 
to a lower cross linking density of the fi nal thermoset materi a ls, reducing botb the 
Tg and the elastic modulus. 
The deteriorati on of the mechanica l properti es is less pronounced when s ilica 
is introduced in the system by the sol-ge l method. The silica network constraints tbe 
movements of the organic phase, in proportion to the amount of silica present. At 
15% of s ilica content the diffe rence in mechanical properties became insignificant 
irrespective of the amount of hardener used. 
The deterioration of the properties when using an excess amount of hardener 
was observed also in the solvent absorption tests. Again the difference became 
insignificant with increasing the silica content . 
These results mean that the constraints on the movements of the organic 
polymer chains, imposed by the silica on the network, was very effecti ve even when 
the cross-linking density of the organic phase is rather low as in the case where 
homo-polymeri sation prevail s in the curing reactions. 
7.1.2 Effect of GOTMS and DBTDL on the density of the networks 
GOTMS, the compatibili ser (i.e. coupling agent) for the inorganic phase, is 
an essential component of organic- inorganic (0-1) hybrids, especially when A 1170 
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is used to compatibi lise the organic phase, i.e. the epoxy resin. However, an excess 
of GOTMS lead to an appreciable loss of mechanical and so lvent res istance 
properties, as indicated by the data in fig. 21, 26 and 27 . This is attributed to the 
large aliphatic content of the s iloxane backbone of the inorganic phase, resulting in 
a Iligher tan/) peak and a higher level of solvent absorption. 
The dynamic-mechanical data in fig. 22 and 23 show that excluding the 
DBTDL from the formulation of the hybrid leaded to a higher Tg and a lower 
elastic modulus in the mbbery state . These results can be explained in terms of 
relative curing rates of the organic and inorganic phases. Without the DBTDL the 
rate of condensation of the alkoxysilanes was relatively slow. This condition allows 
the epoxy network to achieve a higher cross-linking density. As a consequence the 
overall density of the system increased, being mainly determined by the curing 
reactions within the epoxy res in component, which prevented the alkoxysilane 
network from achieving high levels of cross-linking. This brought about a higher 
cross-linking density for the organic phase, (resu lting in m increase in Tg), but it 
lead al so to a less condensed inorganic structure (decreasing tbe storage modulus). 
Conversely when DBTDL was present in the formulation the condensation 
reactions were much faster for the alkoxysi lanes so that the relative reaction rates of 
the organic and inorganic phases were inverted . This produced a denser inorganic 
network and to a lower cross-link density of the organic network. 
The solvent absorption behaviour observed, confumed the expectations 
about the effects of GOTMS and the DBTDL. That is to say that the more diffuse 
the inorganic network, the greater the ease for the so lvent to penetrate the organic-
inorganic hybrid stmcnlre . These observations also lead to conclude that the solvent 
absorption is determined by both the organic and the inorganic character of the 
hybrid. In other words, the resistance to the penetration of the so lvent is not 
primarily determined by tbe level of cross linking in the organic phase but also by 
the extent of the condensation of the inorganic phase and its density. 
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7.1.3 Effect of coupling agent on the compatibility of the phases 
The di ffe rence in dynamic-mechanical properties observed fo r hybrids 
prepared from functional epoxy res in by means of different coupling agents can be 
interpreted as fo llows (fig. 29-34). 
Both A 11 70 (amine-type) and MPT MS (mercapto-type) coupling agents g ive 
an end-chain functiona lisation of the epoxy res in, involving both Epikote828 and 
Epikote I 009 in statistical proportions. The ICTES (isocyanate-type) coupling agent, 
on the other hand, produced a functionali sat ion of the epoxy resin via tbe -OH 
groups within the chains (middle-chain functionalisation), invo lving almost 
exc lusively the Epikote J 009 in the functi ona lisation reactions, because the 
Epikote828 bas an extremely small number of OH groups. Hence any linkages with 
tbe inorganic phase will be fo rmed almost enti rely with the Epikote I 009. This lead 
to a situation where tbe nano-composite consisted of a dual organic phase, one 
covalently linked with the ulO rga nic component and the other phys ica lly d ispersed 
in the system [1 85]. This structure lead to low storage modulus values, as seen in 
fig. 30 and bringing about a partial phase separation, as revealed by the micrographs 
in fi g. J 9 and 20. It is worth no ting that a lthough some linkages of the Epikote828 
with the inorganic phase were still poss ible via reactions with the hardener, these 
would be minimal, because the epoxy groups in the GOTMS within the 
alkoxys ilane so lution, were likely to be converted to glycidyl - OH groups before 
coming into contact with the hardener. 
Since each coupling agent was characterised by a different reactive group, 
the different chemical nanlre of these reacti ve groups lead to a di ffe rent bas icity of 
the hybrid precursor solution. Since the basic environment favo ur both the cross-
linking reactions within the epoxy res in and the condensation reactions of the 
s il anols wi thi n tbe a lkoxys ilane component, it is expected thjs feature to be of 
considerable importance in detemlining t.h e characteri sti cs of the organic- inorganic 
network. By examjning the tanl) data in fig. 3 1 and 33 it is poss ible to identify tbe 
effects that a basic environment has on tbe formation of both the epoxy and the 
hybrid network. The epoxy resin functionalised wi th a bas ic compound (DBA) 
showed lower tanO peak and higher Tg than the control epoxy resin . Lower tanO and 
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Iligher Tg values were obta ined also in epoxy-s ilica hybrids with 7.5% of silica, 
when the resin was functiona lised with Y9669 (a secondalY amine 1l10no-silane) 
instead ofMPTMS (an acid ic mono-silane). 
Furthermore, the coupling agent employed in the production of the hybrids 
differed with respcct to the number of silanols available for the condensation with 
the main inorganic precursors. The A 11 70 had two alkoxysi lane groups, whereas 
MPTMS and ICTES coupling agents had only one. It was expected that the 
alkoxysilane functionality of the coupling agent condensed with the inorganic 
precursor. This was a lso expected to be an important factor in determining the 
"compactness" of the hybrid structure. T he effect that this feature had on the 
formation of the interpenetrated organic-inorganic networks can be seen in fig. 32 
and 34. Lower tano peaks were always obtai ned when the epoxy resin was 
functionalised with A l1 70 coupling agent, thanks to its double alkoxysi lane 
functionality. 
7.1.4 Network density of the organic and inorganic components 
The silica network, of epoxy-si lica hybrids, grew within and simultaneous ly 
with the epoxy network. In these conditions, the evolution of the network ill the two 
phases was interdependent, making the relative ratio of the two components an 
important factor in the production of hybrid. 
The decrease of the tano intensities and the increase of the elasti c modulus 
with increasing the s ilica cOlltent, as shown in fi g. 35 and 36, indicated that the 
restri ctions of the movements of the molecules was manifested as an increase in 
modulus. Furthermore the broadening of the tano peaks towards higher 
temperatures suggested that the energy necessary to promote such molecular 
movements was also higher, indicating al so the existence of a higher network 
density. 
The Increase 111 cross- linking density of the network, resulting with 
increasing silica content, was also confirmed from the measurements of the density, 
TEM analysis and SAXS experiments. 
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The density measurements suggested that the density of the H-A 11 70 hybrids 
increased from 1.1 to 1.3 g/cml, with increasing the silica content from 0 to 15%. 
The TEM micrographs shown in fig . 39 and 40, suggest that an electron 
density of the inorganic phase became sufficiently high, to observe a texture in the 
hybrid structure only for silica contents higher than 7.5%. 
SAXS experiments shown in fig. 120, confirm that increas ing the silica 
content increased also the x-ray scattered intensity, which was further evidence of a 
denser si lica structure [136, 177, 178]. 
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7.2 EFFECTS OF THE INTRODUCTION OF MOLYBDENUM AND 
ASSOCIATED CONTROL OF THE INORGA1~C CHARACTER OF THE 
SILOXANE NETWORK OF EPOXY-SILICA HYBRIDS 
7.2.1 Effect of source of molybdenum 
The presence of the molybdates in the production of the epoxy-si li ca hybrid 
played an important role in the formation of the inorganic network. Molybdates 
acce lerated the condensation reactions of the silanols and reacted with them to fo rm 
mixed silica-molybdenum oxides, (see section 6 .2.2 ,y. Although the addition of 
molybdic acid (H2Mo04) provides a ready source of molybdates, it did not a llow 
the molybdate ions to be molecularly di spersed in the network. This was not the 
case when it was added in the fo rm of an amine sa lt complex. This can easily 
explain why the hybrid prepared with molybdic acid has a better thermal 
decomposition res istance than those produced as a complex with the hardener (see 
fig. 4 1). 
7.2.2 Effect of molybdenum on the inorganic character of the silol:anc 
phase 
The presence of molybdenum oxides within the predominant si lica network 
not only improved the resistance to the solvent penetration but i.ncreased also the 
modulus of the hybrids. The large effect on mechanical properti es by the 
introduction of molybdates (fi g. 44 and 45), must be the result of strong 
interactions of the molybdate species with the silica network. This statement can be 
elaborated through two considerations: fi rst, such improvement in the mechanical 
properties was achieved by adding only small quantities of molybdates. Second, the 
mechanical properties obtained when adding 6% of molybdates to the H-MPTMS-
15% Si02 hybrid, giving a total inorganic oxide content of 20.5% (i.e. 15% Si~ + 
6% Mo04), compared to the HMPTMS-30% Si02 (30% pure Si0 2), were much 
better both in terms of increase in Tg and decreased in tano intensity (see fi g. 46). 
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Observations of the effects on the elastic modulus curves for the H-A 11 70 
and H-MPTMS hybrids (fig. 47 and 48), lead to the same conclusion. Ln other 
words the molybdate species in the hybrid must be bound to the si lica network, 
thereby leading to a more compact network within the inorganic phase. Being the 
elastic behaviour associated with the inorganic character of the material, it can be 
affirmed that the addition of molybdates within the inorganic network has the 
capabili ty of increasing the inorganic character of the system. Furthermore it 
seemed that molybdates were more effective in densifying the inorganic network 
when they were used in the form of a salt complex with the amine hardener because 
the effect on the mechanical properties was larger in these cases. The large effects 
on the inorganic net=rk by the addition of molybdates can be also observed in the 
solvent absorption properties. Examining tbe results obtained from tbe swelling 
tests it seems that it is easier to improve such characteri stics for the case of the H-
A 11 70 hybrids, owing to the large change of properties obtained with only a little 
addition of molybdate. All these observations lead one to conclude that it is poss ible 
to control the inorganic character of the network in terms of amount of si lica and 
molybdate species in the inorganic network. The solvent absorption behaviour of H-
A 11 70-15% Si02 hybrid compared with the equivalent hybrids with 3%, and 6% of 
molybdates, shown in fig. 50, indicates that the addition of molybdates alone did 
not alter markedl y the equilibrium amount of absorbed solvent. This behaviour (see 
section 6.5) can be explained assuming that in these systems the density of the 
network responsible for the level of solvent absorption is al ready high so that the 
"strengtbening", resulting from increased density of the inorganic network, served 
only to retard the rate of solvent absorption. 
Different observations can be made regarding tbe solvent absorption 
behaviour of H-MPTMS-1 5% Si02 hybrid, when compared with the equivalent 
hybrids with 3%, and 6% of molybdates, shown in fig. 5 1. In this case, when the 
molybdates content was increased from 3% to 6%, the solvent absorption resistance 
increased enormously. In this case it can be assumed that the addition of the 
molybdates increased to such an extent, the network density to result in a very large 
change in solvent absorption behaviour s ince only little amounts of molybdates 
were present in the system. 
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7.3 CO TROLLED RELEASE OF MOLYBDATE AN10NS FROM 
EPOX'Y-SILICA HYBRIDS TO ENHANCE CORROSION PROTECTIO 
OF METAL SURFACES COATlNGS 
7.3.1 Effect of the organic network 
In order to enhance the corros ion protection capability of coatings the ir 
composition should contain and ultimate ly re lease a corrosion inhibitor. 
Furthermore, in order to have also a long service li fe , the coating should release the 
corros ion inhibitor slowly. 
The ex traction test perfo rmed on the epoxy matrix and on the hybrids 
revea led the tendency of hybrids to retain the molybdate species to a larger extent 
and for longer time (see sec tion 6.3.2 a) . This behav iour can be assoc iated with the 
fact that a certain amount of molybdates in the hybrids are bound to the silica, 
thereby reducing their availability and the rate of diffusion out of the matrix. 
From the data sbown in fig. 71 and 72 it was observe d that the corrosion 
inhibition by the molybdate species was active only when they were added to the 
silica hybrids, despi te the high rate with which they can migrate from the epoxy 
network in tbe absence of silica. 
A possible explanation for the molybdates to be active only in the presence 
of silica can be found in the structure of the silica itself. Its nano-porosity could 
constitute the required conditions fo r the molybdates to bind onto the surface of the 
iron substrate to produce the requi red inhjbiting species (i.e. iron molybdenum 
oxides). 
7.3.2 Effect of the coupling agent 
The coupling agent employed in the formation of the epoxy-silica hybrids 
has an important role in contro lling the rate of di ffusion of molybdates from the 
hybrids. Whereas the coupling agent had no influence on the total amount of 
extracted molybdates, as it can be observed in table I aDd 2, it has an impOIt ant 
effect on the di ffusion rate. In particular, MPTMS allowed a faster diffusion of the 
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corrosion inhibitor compared to A I 170. The explanation for these observations can 
be found in the density of the network of the inorga ni c component. The A 11 70 
coupling agent, indeed, lead to denser inorganic structures, (as observed in section 
6. 1.9), which were expected to display a stronger res istance to tbe migration of the 
molybdates from the hybrid into the surrounding solution. 
Although a large di ffe rence can be detected in terms of coeffi cient of 
di ffusion of the molybdates for the two types of coupling agent , such distinction 
did not affect the corrosion inh.ibition capability of these hybrids, which appeared to 
be approxi mately independent on the nature of the coupling agent. 
7.3.3 Effect of water salinity 
Experiments of extraction of molybdates from the hybrids showed a big 
difference in the diffusion behaviour, when the experiment is performed in sea 
water which gave a lower diffusion coeffi cient but a higher quanti ty of ex tracted 
species. A poss ible interpretation of the results obtained is as follows: the osmotic 
pressure generated by the ion concentration (Na + and er), in the salt water slowed 
the di ffusion process of the molybdates from the coating, compared to a de-ionised 
water environment . The presence of large amounts of ions in the water, however, 
promoted the exchange of ions between coating and surrounding water medium, 
leading to larger amounts of extracted molybdates at equilibrium . This ion 
exchanging process was favoured by the size di fference between MoO/ and er 
ions. Large ions, such as molybdates, in the coating were easily di splaced by the 
smaller chlorine ions from the water. 
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7.4 PROBING PHASE CO-CONTINUITY IN EPOXY-SILICA NANO-
COMPOSITES 
7.4.1 Preliminary considerations 
Silica, or other inorganic fillers, are normally introduced in polymeric resins 
In order to improve mechanical, electrical or thermal properties. The inorganic 
component and the matrix are often modified with a coupling agent in order to 
enhance the affi ni ty of the components and to aid the dispersion of the inorganic 
component in the polymer matrix . 
Commonly, the inorganic component, IS introduced as dispersed particles 
and in these cases the properties of the resulting composi tes are dominated by those 
inherent to the polymer matrix. 
Little is still known about the properties and the morphology of the hybrids 
where the siLi ca is introduced by the sol ge l method. This technique provides the 
ri ght condition for the simultaneous formation of the organic and the inorganic 
networks, leading to a co-penetrated organic-inorganic polymer network in which 
the properti es ofthe inorganic component become more dominant. 
7.4.2 Dispet'Sion of the silica fille,' nano-particles in "filled systems" 
The di spersion of the si lica nano-particles, added as a pre-fo rmed filler 
within the epoxy matrix was aided by the use of a suitable coupling agent. As 
verified in section 6.4.1 a, the best dispersion achievable, (i .e. the silica particles 
singularly dispersed), was obtained with the use of the amine-si lane coupling agent 
(A 11 70). Only a coarse dispersion could be obtained with the use of the mercapto-
si lane coupling agent (MPTMS). This behaviour can be attributed to the number of 
alkoxysilane functionalities in the coupling agents, (the higher the alkoxysilane 
functionality the higher the compatibility), and the affinity with the negatively 
charged sili ca particles, (thi s structure is tentatively illustrated in fig . 106). The 
si li ca sols used as filler are more strongly attracted hy an amine coupl ing agent 
(A I 170) rather than an acidic type such as a mercaptan silane (MPTMS). 
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7.4.3 Effect of pre-formed silica particles on the properties of cured 
epoxy resins 
Tbe nigh affini ty between the surface of silica particles (acidic) and amine, 
can have a strong influence also on tbe curing of the epoxy resin wben the curing 
agent employed is an amine (PACM). It is expected that these silica particles 
interact also with tbe epoxy matrix via hydrogen bonding [1 75]. 
In order to explain the large tan/) increase, noted when introducing the s ilica 
parti c les in the func tionalised epoxy res in (see fig. 87 and 89), one has to assume 
that the cross-link ing process within tbe epoxy resin had been affected by the 
presence of the fill er particles. The silica particles could adsorb the PACM curing 
agent and reduce the rate of formation of tbe epoxy network. If this is the case, the 
increase of T g may be attributed to the strong interactions, such as hydrogen bonds, 
between the silica parti cles and the epoxy res in . These are not expected to affect 
much the elastic modulus below the Tg because of the low rein forcement effic iency 
ofparti culate fill ers. 
When the epoxy resin was fllTIctionalised with a coupling agent before the 
additi on of the silica particles the resulting material di splayed improvements in 
mechanical properties compared to the unfunctionalised, fill ed epoxy resin. The 
increase of Tg was even larger because the particles were better di spersed, and 
affording a much larger interface area for hydrogen bonding interactions. This 
hypothes is is supported by the observation that the increase in Tg was much greater 
when the epoxy resin was functionalised with the amine coupling agent than the 
mercapto coupling agent (20°C instead of 12°C). For deta ils on the dynamic-
mecha nical properties, see section 6.4.1 a and the table 12, shown below. 
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Table 12 Tg values of unfunct ionali sed and functionali sed epoxy res in and of unfunctionalised and 
functiona liscd epoxy res in fi lled with pre-formcd sili ca particles. 
Control 
+ 15% SiO, 
Epoxy Resin (ER) 
(Tg 0c) 
82 
86 
ER tipped with 
MPTMS (Tg 0c) 
77 
86 
ER tipped with 
A1170 (Tg 0c) 
89 
104 
The better di spersion of the silica particles in the fllnctionalised epoxy resin 
leads poss ibly to a better absorption of the amine curing agent on the fi ll er surface, 
giving rise to an even larger reduction in cure rates of the epoxy resin and leading 
to a lower plateau elastic modulus. This suggests that there is a greater tendency for 
homo-polymeri sation and lower degree of cross-linking. 
The influence of the coupling agent on the mechanica l prope rti es of the co-
continuous hybrids has been discussed in section 6. 1.9 . The same behaviour was 
observed fo r the pan iculate composites. 
7.4.4 Small angle X-ray scattering: co-continuous network vs particle 
djspersed systems 
The analysis of the diagrams of the scattered X-Ray intensities provided 
info rmation about the fine stmcture of the hybrids and its components . The fi rst 
observation was that in all the diagrams shown in fig 120-122 there was a clear peak 
at 63 A. As this peak was al so present in to the pure epoxy res in it was obviously 
assoc iate with some inherent heterogeneity which could result from a crystal-like 
structure. The second observation was that the scattered intensity of the samples 
increased with increasing the silica content, suggesting that the silica phase got 
denser while increasing its content. 
Two more observations may be relevant: a) the scattered intensity of the 
hybrids had a linear dependence with the q fun ction ~ee secti on 6.4.2 c) b) the 
slope of these curves va ried between 1.1 and 1.3 for the case of the hybrids 
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produced from sol-gel, and was equal to 3.8 for the particulate hybrid obtained by 
the addition of pre-formed silica particles. According to values in literature (1 35, 
177 a nd 178] the linear dependence of the scattered intensity with q indicates that 
the material analysed contains fracta l objects, and the slope of the curves is referred 
to as "fractal dimension" (FD). Fractal dimensions between I and 3 indicate objects 
finely dispersed in the matrix (continuous) , vhereas values ranging from 3 to 4 
indicate the presence of phase separated objects. On the basis of these observations 
and these reference values, it can be clearly reaffirmed that the silica phase in the 
hybrids prepared from sol-gel is co-continuous with the epoxy matrix . 
7.4.5 Comparison properties of co-continuous hybrids with properties of 
pat"ticle dispersed nano-composites 
a) Mechanical properties 
The dynamic-mechanical analysis provides va luable infonnation about the 
different characteristics of tle organic-inorganic network when producing hybrids 
by the sol-gel method or by the direct addition of pre-formed si li ca particles. The 
fact that in the case of the sol-gel systems, the tanO peak was depressed relative to 
the epoxy resin matrix, without changing the Tg, means that the si li ca fonned in this 
way was creating constraints to the movement of the chains in the epoxy network, 
without creating additional cross-Link within this phase. On the other hand, the 
addition of pre-formed si lica particles increased the cross-linking density of the 
epoxy matrix by the mechanism explained in section 7.4.3 without excessively 
affecting the plateau modulus. 
The different kind of interactions that exist between the silica and the epoxy 
pbases in the two respective systems, became evident also with respect to the 
themlal mechanical data, shown in fig. 99 . The fact that, above the glass transition 
temperature, tbe thermal expansion coefficient of the hybrid made from sol-gel 
remained almost unchanged meant that. the inorganic network must be co-
continuous within the organic network otherwise it would not be able to restrict the 
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movements of tbe organIc chains In the absence of add itional cross links being 
formed. 
On the other hand, it has been demonstrated that the interactions between 
particles and organic matrix were not sufficient to depress tbe thermal expansIon 
relatively to the unfill ed resin. 
b) Solvent absorptioll properties 
In section 6.4.1 c it was stated that the modest reduction in solvent 
absorption observed EpoxyResin-A 11 70+ 15% SiOz (pre-formed) relative to tbe 
system EpoxyRes in-A 11 70 was due just to the dilution of the absorbent phase 
(epoxy resin) with a non-absorbent inorganic pbase. On the otber hand, the data in 
fig. 101 and 103, showed that tbe large reduction of swelling in Tl-lF ofl-I-A 11 70-
15% SiOz (so l-gel) relative to botb EpoxyResin-A 11 70 and EpoxyResin-
A 1170+ 15% Si02 (pre-fonned), derived from the ex istence of phase co-continui ty 
of tbe organic and tbe inorganic components, and that tbe total anount of absorbed 
solvent was not only determined by tbe amount of inorganic component but also by 
the density of the inorganic network. 
The absorption behaviour of the co-continuous hybrid was not determined by 
the swell ing of the organic component alone, (as in the case of the hybrid formed 
from the addition of silica as pre-formed particles), but it was the resu lt of strong 
constraints that the inorganic network imposed on the expansion of the organic 
matrix. These restrictions resulted in a large reduction of both the absorption rate 
and the total amount of absorbed solvent, to about half relative to tbe corresponding 
composite containing tbe same amount of si lica in the form of pre-formed silica 
particles. 
7.4.6 Models for the structure of epoxy silica hybrids 
On the bas is of the experimental results a model, that describes the hybrid 
systems, has been produced and is depicted in fig . 125 and 126 . Tbese are 
hypothetical descriptions of botb the epoxy silica hybrids formed via so l-gel and the 
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hybrids j:roduced by the direct addition of pre-formed silica in functionalised epoxy 
reSin . 
a) Phase co-continuous hybrids 
[n the model shown in fig.12S the organic network is depicted in red colour 
and the inorganic network in black. The green links represent h e coupling agent 
and in particular the Al [70. The model represents the phase co-continuity of the 
epoxy and silica networks as a continuum without apparent segregation, even 
though a small degree of phase separation is expected in the actual hybrid material. 
The character of co-continuity expressed by the model indicates that the restrictions 
to the movements of the organic chains is imposed by the silica network mainly by 
chemical bonding constraints altbough a certain effect from strong physical 
interactions are not to be excluded. 
In this particular model the stmcnlre of the continuous inorganic phase is not 
Unif0n11 but fluctuates in composition and relative concentration of Si-O-Si 
linkages. Furthermore, it is likely that the si li ca takes part in the formation of both 
the interphase and the inorganic phase, but while the silica content does not exceed 
certain unknown va lues (at present study) it does not reach the fu ll co-continuity in 
itself. 
b) Phase separated hybrids 
Tbe model proposed in fig.126 describes an epoxy sil ica hybrid ch aracterised 
by a hjgh degree of pbase segregation. The silica particles, indicated as g rey 
spheres, clearly represent a situation where the epoxy and silica domains are distinct 
and homogeneous in composition. The model shows also the possible interactions, 
mainly bydrogen bonding, existing between the si lica particles and tbe epoxy 
network. These bybrids, therefore, do not bave interphase regions but sbarp 
interfaces even tbough tbe type of interactions may fluctuate from point to point. 
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7.5 SUPPRESSION OF SOLVENT PENETRATION IN EPOXY 
SILICA HYBRIDS THROUGH NETWORK CONSTRAINTS 
7.5.1 Introduction 
There is a need in many industrial applications to prevent penetration of 
chemicals into protective epoxy coatings. Extensive solvent absorption leads the 
swelling of polymer coatings and deterioration of mechanical properties. 
The interaction of solvents with coatings can lead to softening and 
plasticisation and, sometimes, to environmental stress cracking. Solubility 
parameters, and in particular the Hansen cohesion coefficients [174], have been 
found to be useful to study the chemical resi stance and environmental stress 
cracking in polymers [172-175]. 
On the basis of Hansen's stndies it is opportune to use the concept of 
envirorunental stress cracking as the mechanism responsible for some of the severe 
damages observed in the swelling of hybrid coatings. A model is suggested for the 
nano-stmctnre of the hybrids (see section 7.4.6) and of the mechanism of solvent 
absorption (see section 7.5.5). 
7.5.2 Considerations based on Hansen solubility parameters 
The results in scientific literature [172-175 , 179-180] indicate that 
environmental stress cracking in plastics depends on the size and shape of the 
"challenging" solvent molecules as well as its Hansen solubility parameters relative 
to those of the polymer. The adsorbing liquids employed in this stndy together with 
the values of the Hansen solubi lity parameters(Il), the molar volume (V) and the 
RED (Relative Energy Difference) are listed in table 13 [1 74]. 
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Table 13 [174]. Hansen solubility pammctcrslO), lhe molar vo lume (V) and ~,c RED number of ~,e 
solvellls used in the so lvent absorplion !.CSIS. 
Solubility Parameters 
B Dispersion o "ola r o I-I -bond V (cmj/mol) RED 
NMP 18.0 12.3 7.3 96 0.5 
TH:I? 16.8 5.7 8.0 8 1 1.0 
CH30H 15.1 12.3 22.3 40 8.7 
The RED number has been suggested to give an indication of the solvent 
quality [172]. Liquid chemicals with a RED numbers equal or smaller than I are 
expected to disso lve, swell or crack Ihe polymer. It has been shown [1 72, 173] that 
the solvents causi ng stress cracking have a RED number between 0.8 and 1.0 and 
those dissolving the polymer having RED number less than 0.8. Furthennore, since 
RED reflects differences in Hansen solubi lity parameters for the respect ive 
polymer-solvent combinations, higher RED va lues correlate with lower va lues of 
equilibrium absorption. 
However, some exceptions to these predictions do exist. The di screpancies 
may be due to other parameters, such as the diffusion coefficient of the solvent and 
the molar vo lume, which can have an effect on the rate of absorption. Large and 
complex molecules have lower diffusion coefficients and have greater difficulties iD 
passing through from the surface of the polymer into the bulk. 
Some deviations in predictions using Hansen parameters are high ly possible 
in cross-linked polymers such as epoxy resins [181] and particularly in rPNs where 
there are two different networks. 
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7.5.3 Solvent absorption in epoxy-silica hybrids 
The epoxy-si li ca hybrid systems of thi s study have shown some deviations 
from RED based p redictions. While the prediction is very good for the absorption of 
THF, the behaviour in methanol and NMP was found to be quite different. 
NMP was considered to be a good swelling agent for epoxy resins because of 
its low RED number, which indicates good affi nity between the absorbing chemical 
an the polymer, but, at room temperature NMP was absorbed very little in the cured 
systems. 
For the case of methanol despite its high RED number va lue, which indicates 
poor affi nity for the polymer, and has to be considered a bad solvent, it was ra pidly 
absorbed and never produced macroscopic damages, such as cracking of the 
samples. On the bas is that the molar volume of the solvents gives an indication of 
the molecular size of a compound methano l has to be considered a small molecule. 
This parameter, is relevant in interp reting the rate of penetration of the so lvent from 
the surface of the polymer into the bulk, and can eas ily explain the deviation from 
Hansen's theory. 
7.5.4 Effect of silica content on network constraints 
From the observations in section 6. 5. 1 it seems that the surface "activation" 
effect by the solvent, and the first stage of the absorption process are the two factors 
determining the solvent absorption res istance of polymers. The slower these two 
events take place the greater the res istance of the material to the penetration of the 
solvent. 
In section 6.5. 1 it was al so stated that the surface activation effect depends 
on the propensity of the so lvent molecules to be adsorbed onto certain sites and 
produce "craters" for the initiation of the penetration towards the buLk. The bulk 
penetration rate of the solvent depends on the constraints imposed by the rigidity of 
the chains in the polymer network . Increasing the magnitude of these constraints 
lead to a higher resistance to so lvent penetration. 
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On the other hand increasing the si I ica content of the hybrid , as di scussed in 
section 6.1.8 , increased both the amount and density of the inorganic network, 
creating even more restrictions on the segmental movements within the organic 
network. 
The solvent absorption trends reported in fi g. 104 and 105 illustrates the 
changes in swelling behaviour in THF with increasing the silica content, for the two 
se ri es of hybrids I-l-A 11 70 and I-l-MPTMS. In both cases increas ing the inorganic 
content lead to a higher resistance to surface "activation" and to a slower bulk 
penetration. The higher sil ica content lead also to stronger constraining forces by 
the inorganic network and therefore to lower increases of so lvent uptake. 
In fig . 104 and 105 it was observed that the sorption constrai ning effect of 
si li ca was more pronounced in J-l.A 11 70 hybrids. In both cases, however, it was 
possible to predict the silica content required to reach a level of network constraints 
such to achieve total shield to so lvent penetration. 
This total depression of the solvent absorpti on would be reached at diffe rent 
silica contents depending on the nattlre of the solvent. 
From fig. 107 can be observed the same general trend fo r a reduction in both 
the rate of penetration and the equilibrium amount absorbed in methanol with 
increasing silica content. However, both the rate of absorption and the equilibrium 
amount were lower. 
The equilibrium values of absorbed solvent for the described systems are 
reported in table 14. 
221 
Table 14 Equi librium quant ities of absorbed solvent , of some epoxy -silica hybrids, expressed as 
weight increase (%). 
Si~ Hybrids functionalised with A1170 Hybrids functionalised 
Content with MPTMS 
(%) 
TBF Methanol TBF 
(%) lilt (%) lilt (%) lilt 
0.5 48 .32 12.30 70.82 
3 41. 6 1 11 .90 -
7.5 34.35 I 1. 78 51.00 
10 29.79 11.47 
-
15 27.63 1 1.1 9 48.60 
30 - - 3 1. 20 
The equilibrium values, reported in tabl e 14, can be related to a reference 
system which was considered to have the minimum resistance to the solvent 
absorption. In this case the reference system was a hybrid with 0,5% of silica 
contenl. The idea of the reference sy tem contai ning negligible amount of si lica was 
10 ensure that the chemical na ture of the system is the same in a ll cases. This 
corresponds to the amount of Si02 avai lable from the silane functionali sation of the 
epoxy res in. This procedure makes it possible to defi ne a new variable which can be 
ca lled "Resistance to Swelling [ndex" (RSI) as dimensionless factor ranging from 0 
to I . Any RSI va lue equal to 0 corresponds to that of the reference sys tem, while the 
va lue of I is for a system that is completely resistant to solvent penetration . The 
variation ofRS I with Si~ is shown in fig . 108. 
Tn the graph each set of data was fitted with a straight line extrapolated to the 
"total barrier" condition. In th is way it was possible to determine the silica content 
needed t.o obtain total resistance to THF penetration . The values are between 30 and 
35% for the H-A 11 70 hybrids and approximate ly 55% for the H-MPTMS hybrids. 
For the case of methanol the si lica content needed to obtain total barri er was 
higher but not well defined at least from the measurements of the amount absorbed 
at the equilibrium . This is discussed further in the following section. 
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a) Diffusion coefficients 
There are several ways to measure the diffusion coefficients (D) for solvent 
absorption. The method adopted in thi s study is base on measuring the slope of a 
Fickian plot. This consists in ploning the we ight of the sample at any time (C,) 
normalised to the weight at equilibrium (C~) versus the square root of time (t) 
nonnalised by the thickness of the sample (X). The slope of the liner part of the plot 
[C,/C~ = AD '12 (t' I2IX)] is proportional to tbe diffusion coefficient [1 76]. 
Since the curves of fi g. 104, 105 and 107 did not di splay a Fickian trend for 
the entire duration of the absorption process, only the first part of the absorption 
curve was considered for the calcu lation of the diffusion coeffic ients and c:. was 
considered the absorption value at equilibrium. 
The calculated va lues of the diffusion coeffic ients for THF and methanol are 
reported in tabl e 15. 
Table 15 Experimental diffusion coefficients of THF i.ll1d methanol in epoxy -s i lica hybrids. 
Si~% H-A1170 B-A1l70 H-MPTMS 
THF Methanol THF 
(10-4 Z -I) 
"*111 S (10-4 Z -I) . 111 S (10-4 Z -Jy .,,111 S 
3 23 40 -
7.5 13 19 190 
10 9 17 -
15 7 10 70 
30 - - 30 
The values of the diffusion coefficients of THF and metbanol have been also 
plotted for each series of hybrids H-A 1170 and H-MPTMS versus the silica content 
in order to study the trends. The resulting graphs are shown in fig . 109 and I 10. 
The general tendency of the rate of diffusion of the so lven ts, through the 
hybrid network, is to diminish with increasing silica content. The trend was much 
more pronounced for the H-MPTMS where small increases in silica produced large 
224 
changes in diffusion coefficients. [n both cases extrapolati ng the diffusion 
coeffici ents to zero by a regression analysis, the theoret ical s ilica content can be 
estimated to obtain tota l shielding to THF. These va lues are approximately 30% for 
H-A 11 70 hybrids and 50% for H-MPTMS hybrids, for THF absorption. 
The diffusion coefficient va lues for methanol were higher than for THF but 
fo llow the same trend with respect to silica contents, as shown in fig . 1 10. In this 
case for the for \-I-A 11 70 hybrids, at 30% of si li ca , the diffusion coeffi cient was still 
apprec iably higher than zero. Extrapolation from the curves indicates that the silica 
content necessary to have zero coefficient of diffusion for methanol was between 
35% and 40 % . 
b) Swelling lime-fag 
When Till was used a so lvent tbere was always a clear time- lag before tbe 
second step of the diffusion process started. This time-lag or " induction time", i.e. 
tbe time necessary for the so lvent to create the conditions for so lvent to penetrate at 
a fast rate (as discussed in section 6.5.1), was taken as the time at which the rate of 
absorption exhibited a large j ump. 
The induction time fo r J-l..A 11 70 and H-MPTMS hybrids in THF have been 
reported in table 16. 
Table 16 Swelling induction limes of some epoxy -sili ca hybrids in THF and methano l. 
Theoretica l Hybrids functionaliscd ,,1th A1170 Hybrids functionalised ,\1th 
SiOz MPTMS 
contcnt 
(%) THF Methanol THF 
(s) . 105 (s) • 105 M · 1OS 
0,5 4.3 - 0.3 
3 6. 1 0.9 -
7.5 15.6 1.7 0.8 
10 21.8 2.9 -
15 32.0 3.5 1.9 
30 - - 6.5 
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The rec iprocal va lues of the induction time reported in table 16 are also 
plotted in fig . III and 11 2 as function of the s ilica conten t. This approach a ll owed 
the data to be ex trapolated to infinite time, i.e. conditions for the suppress ion of the 
"jump" in solvcnt absorption. 
These ex trapolated values agreed perfectly with the extrapolated data 
obtained from the diffusion coeffi cients and the equilibrium absorption values. 
Since an infinite induction time means that no solvent wi ll penetrate into the bul k, 
the extrapolation indicated that H-A I 170 hybrids reached the "tota l solvent 
resistance" in TIfF with approximately 30% of sili ca and H-MPTMS hybrids reach 
the total protection at 50% of silica content, i.e. matching the prediction obta ined by 
ex trapolation in fi g. 108 and 109. 
The distinction between the first and the second step of the absorption 
process, in the case for methanol, was not c lea r and the experimental error in 
calculating the initial time- lag was far too large. However, from observations of 
data in fig. I 12 the same conclusions, deri ved on considerations of the diffusion 
coefficients, a lso apply. By extrapolating the induction ti me to infinity it can be 
predicted that to reach 10ul1 barri er to methanol it is necessary to have between 35% 
and 40 % of silica in the hybrid. 
7.5.5 A possible model for solvent penetration 
The solvent absorption and de -sorption processcs for epoxy s il ica hyb rids 
made by sol-gel have been modelled and pi ctoria lly represented in fi g 130 and 127. 
In the absorption model the so lvent molecules have been represented as 
spherica l enti ties. At the beginning of the sorption process the surface of the 
materi al contains a certain number of "craters", which loca li se the so lvent 
molecules 0 11 spherica l sites on the surface. Other molecules will interact with the 
surface of the material creating new "craters" and allowi ng tbe penetration of the 
solvent in more places, i.e. a stati stically dependent absorption process. When a 
certain degree of porosity has been crea ted, or is already present, on the sUlface to 
enabl e the solvent molecules to penetrate at a measurable rate the material reaches 
its absorption limit very rapidly. This fi nal leve l of absorption will be defined by the 
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strength of the hybrid network . In particular, the swelling limit of the orgamc 
material was determined by the ex tent to which the inorganic network prevents the 
expansion of the system. 
The dynamic-mechanical and thermal mechanical results made on the 
swollen hybrids before and after dly ing, shown in fig . I 14-1 18, lead to the 
conclusion that the solvent had induced some modification in the hybrid structure . 
In pmticular, it seems that during the migration to the surface and successive 
evaporation, the solvent brought about some organisation changes in the organic 
network, creating greater packing of the organic molecules. This approach can be 
used to explain why, after drying, it was possible to observe (fig . I 14-1 18) the 
increase of both the glass transition temperature and the ~ transiti on and the 
decrease of the thermal expansion, especially above the Tg. 
Since the induction time second and third absorption cycles increased it can 
be hypothesised that such structural modifications (for example the shrinking of the 
craters) take pl ace on the surface too. Indeed, the results of these tests, shown in fig . 
129, indicatd that each time the absorption-desorption cycle was repeated the 
induc tion time of the process increased as if the initial number of absorpti on s ites 
were reduced. 
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Ori ginal structure of the sol-gel hybrid 
SOLVENT 
ABSORPTION 
==:> 
Si lk i:NKcN CMATER. 
COMPLETE , 
EVAPORATION ·····0 
<= :~ ..  ~~~~Jt 
~ 
i 
Entangled structure of the swollen and dried hybrid Evaporation of solvent 
- jig. 12 7 Model jor the description 0/ the solvent evaporation process and its effects in 
epoxy-silica hybrids/armed by sol-gel. 
~ ..• 
231 
50 
40 
'iF-
-; 30 
'" co 
~ 
o 
c 20 
l' 
en 
~ 
10 
o 
• 
I 
..... 
0 
- _ H-A 1170-3% SiO, - Entire absorption process 
. __ a-.-.--···---· 
• / 
• 
10 20 
_a-.- · -a-
30 
Immersion time in THF (Days) 
-.-.----.-
40 50 
- fig. 128 Complete swelling process of a hybrid 
2 
o 
o 
- . - H-A 1170-3% SiO,- 1 st Absorption process 
• H-A1170-3% SiO,- 2nd Absorption process 
... H-A 1170-3% SiO,- 3rd Absorption process 
~ H-A 1170-3% SiO,- 4th Absorption process 
~ . 
• 
• 
2 3 4 5 6 7 
Immersion lime in THF (Days) 
- jig. J 29 Some consecutive absolption processes, of the same hybrid ojjig. 128, obtained 
stopping the absorption process before the beginl1ing 0/ the second step (large alld fas t 
weight increase). 
232 
CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK 
8.1 Conclusions 
The following conclusions can be drawn from the ana lyses of the data for 
different aspects of this study. 
A. In relation to the compatibiLisation of epoxy-s ilica hybrids and the 
formation of the epoxy-silica network by the so l-ge l method: 
I . Compatibili sation at the nano-metre sca le of epoxy s ilica ceramers can be 
achieved by the addition of appropriate amounts of a suitable coupling agent. 
End-chain functionalisation was by far the most effective way to induce full 
compatibility between the organic and the inorganic pbases. Studies on mid-
chain compatibili sation always seemed to produce partic le precipi tation of 
the inorganic phase. 
2. The chemical nature and the number of alkoxysi lane functiona lities of end-
chain fUl1ctionalised resin had a strong influence on the properties of the 
bybrids. Functionalisation with mercapto-type coupling agents was the most 
effective way to impart compatibili ty between the organic and the inorganjc 
phases. Amine-type coupling agents, on the other hand, lead to higher glass 
transition temperature and lower tan/) intensities. Increasing the number of 
alkoxysilane functionalities of the coupling agent provided denser epoxy-
silica networks leading, moreover, to hybrids exhibiting higher modulus and 
higher resistance to so lvents. 
3. Denser networks can be also provided by increasing the silica content of the 
epoxy-silica hybrids. Increasing si lica contents brought a lso abou t higher 
leve ls of co-continuity between the organic and inorganic phases and lead to 
a bener resistance to solvents and to low tan/) peaks. 
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4. The cross-linking density of the network can be influenced by varying the 
resin\hardener stoichiometry. Excess hardener lead to a more predominant 
homo-polymerisation of the organic phase and, therefore, to looser networks. 
Furthermore the density of the two phases can be slightly influenced by the 
coupling agent for the inorganic phase (GOTMS) and by the catalyst for the 
condensation reactions of the alkoxysilanes (DBTDL). 
B. In relation to the introduction of molybdenum in epoxy-silica hybrids and 
the control ofthe inorganic character of the siloxane phase: 
1. The presence of the molybdate ions in the production of epoxy-silica hybrids 
played anlmportaht role -ill the fotmation of the -inorganic network. Molybdate 
ions accelerated the condensation reactions of the silanols and reacted with them 
to form mixed silica-molybdenum oxides, increasing the inorganic character of 
the system. The presence of molybdenum oxides within the predominant silica 
network improved the resistance to solvent penetration, increased the modulus 
of the hybrids, leading to better solvent resistance and also to much higher glass 
transition temperatures. 
2. The source of molybdenum oxides determined the level of dispersion of the 
molybdate ions in the hybrids. The addition of molybdic acid did not allow the 
molybdate ions to be molecularly dispersed in the network. This was not so 
when it was added in the fonn of an amine salt/complex. The effect on the 
mechanical properties was larger in this last case. 
C. In relation to the controlled release of molybdate ions and the corrosion 
inhibition on metal surfaces: 
1. Epoxy-silica hybrids tended to retain molybdate species to a larger extent 
and for longer time than the parent, pure epoxy systems. 
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£.. Inhibition of the corrosion of metal surfaces can be partially achieved under 
certain conditions. The corrosion inhibition by the molybdate species was 
effective only when they were incorporated into the silica hybrids, despite 
the high rate with which they could migrate from the epoxy network in the 
absence of silica. 
3. The coupling agent employed in the formation of the epoxy-silica hybrids 
had an important role in controlling the rate of diffusion of molybdates from 
the hybrids. While the nature of the coupling agent used for the 
functionalisation of the resin had no influence on the total amount of 
extracted molybdates, (which depended only on the initial molybdate ions 
content), it had an important effed on the diffusion rate of the molybdate 
ions. Functionalisatiou of the resin with the amine-type coupling agent 
(Al170) always exhibited the slowest diffusion rates. 
D. In relation to dispersion and co-continuity of the phases in epoxy-silica 
hybrids: 
I. The dispersion of the silica nano-particles, added as a pre-formed filler, 
within the epoxy matrix was aided by the use of a suitable coupling agent. In 
particular an amine-type coupling agent (AI170) provides the better 
conditions to achieve total dispersion of nano-particles. 
2. When the epoxy resin was functionalised with a coupling agent before the 
addition of the silica particles, the reSUlting material displayed improvements 
in mechanical properties compared to the non-functionaIised fined epoxy 
resin. The increase of Tg was attributed to a large interface area for hydrogen 
bonding interactions between the organic and the inorganic phases. 
3. On the basis of small angle X-Ray examinations it was concluded that the 
silica phase in the hybrids prepared from sol-gel was co-continuous with the 
epoxy matrix, whereas in the hybrids produced by the addition of pre-fonned 
silica filler was highly segregated from the organic matrix. 
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4. When the silica was introduced by the sol-gel method, the inorganic network 
createed strong constraints to the segmental rotations within the epoxy 
network,: conferring to the entire system the characteristics of a co-
continuous network. When the silica was added to the matrix as pre-formed 
particles, interactions with the organic network were confined at the sharp 
interface. 
E. In relation to the solvent absorption characteristics of the hybrids: 
I. The surface "activation" effect by the solvent, and the first stage of the 
absorption process were the two factors which determined the solvent 
absorption resistance of polymers. The lower the efficiency of the solvent 
molecules to find a suitable site for penetrating the surface, the greater will 
be the resistance of the material to the absorption of the solvent. 
2. The bulk penetration rate of the solvent depended on the constraints imposed 
by the rigidity of the chains in the polymer network and on the co-continuity 
of the organic and inorganic phases. Increasing the magnitude of the 
constraints and expanding the co-continuity of the two networks provided a 
higher resistance to the penetration of the solvent. 
3. The extent of the co-continuity of the phases and the magnitude of the 
network constraints depended mainly on the coupling agent employed, on the 
silica content of the hybrid and the molybdate ions content. Amine-type 
coupling agents, higher number of alkoxysilane functionalities, higher silica 
contents and the Introduction of molybdenum oxides within the silica 
network were all factors that contributed to reduce the penetration of 
solvents. 
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8.2 Recommendations for further studies 
A deeper understanding of the mechanism involving the corrosion inhibition 
process in the hybrids is still required. To advance the knowledge in this area a 
focussed study will be required on the corrosion protection ability of the epoxy-
silica coatings with various silica contents and molybdate ions concentrations. It is 
expected that the silica domains provide the "route" for the molybdate species to 
reach the sites where the corrosion of the coated substrate is taking place. Such a 
study will provide the evidence that the porous nature of the silica formed in the 
hybrid by the sol-gel method can act as a nano-reactor for chemical processes 
involved in corrosion inhibition. 
Since the use of epoxy-silica coatings has !ren found to be a promising 
expedient for protecting surfaces from the attack of aggressive environments, the 
possibility of preventing the penetration of even small amounts of solvent through 
coatings by increasing the silica content of the hybrids seems to be real. Therefore, 
since the compatibilisation of the silica phase is the main issue when increasing the 
inorganic content of the hybrids, such a study should involve the investigation of 
the effect of new coupling agents or/and of higher coupling agent contents. 
A deeper study on the formation of the silica phase in the hybrids should also 
be carried out. There are some doubts as to whether the alkoxysilanes hydrolyse 
completely and transform to silica. These doubts have been partially aIleviated by 
infra-red studies, but requires confirmation. It is suggested that hybrid samples 
shoUld be SUbjected to suitable reilction conditions, (i.e. ii11n1.ersion in hot Wilter for 
few days) in order to fully hydrolyse and condense the eventual unreacted silanols 
and ben analysed. It should be possible to follow these events by measuring the 
amount of alcohol produced from hydrolysis and the loss of weight. 
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